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STUDIES IN THE SYSTEM CaO-Al,0;-SiO.-H.O IV; PHASE 
EQUILIBRIA IN THE HIGH-LIME PORTION 
OF THE SYSTEM CaQ-Si0,-H,0* 


Dea M. Roy, The Pennsylvania State University 
University Park, Pennsylvania. 


ABSTRACT 


Phase equilibria in the high-temperature portion of the system CaO-SiO2-H»O were 
determined by the use of hydrothermal quenching techniques. Three previously unidenti- 
fied phases, designated X, Y, and Z, having the probable compositions 8CaO : 3SiO2- 3H20, 
6CaO : 3Si02: H20 and 9CaO: 6SiO2: H2O were found to be stable to temperatures above 
800° C. at moderate water pressures. X-ray diffraction patterns, optical properties and 
infra-red absorption spectra were obtained, and are diagnostic for the various phases. 

The equilibrium temperature for the reaction CsS;H;**=a’CasSiO, (bredigite) +CaO 
+H:0O increases from 820° C. at 2000 psi to 870° C. at 15,000 psi. The curve for CsS;H 
=a’Ca2SiO.+H:0 ranges from 790° C. at 7,500 psi to 810° C. at 15,000 psi; and the reaction 
CoSsH = rankinite+H2O varies from 807° C. at 2000 psi to 820° C. at 15,000 psi. C;SH2 
is in equilibrium with X(CsS;H3) + Ca(OH): at 505° C. at 10,000 psi and 520° C. at 15,000 
psi. Afwillite decomposes at about 215° C. at 15,000 psi. 

X is apparently a calcium analogue of chondrodite (Taylor, personal communication), 
and a related phase X* formed from compositions near the C2S ratio at low pressures may 
be another member of the chondrodite-type series. Attempts made to synthesize members 
of the chondrodite series in the MgO-SiO2-H2O system for comparison were largely un- 
successful. Possible applications of the results to the study of cement materials and mineral 


associations are discussed. 


INTRODUCTION 


The stability relationships of phases in the system CaQO-SiO,-H,O 
have been important to mineralogists and cement chemists alike for 
many years; and, while a great deal of the work done in the past has been 
concerned with equilibria under atmospheric conditions, newer tech- 
niques in recent years have made possible more extensive investigations 
at elevated temperatures and pressures. The present study has been di- 


* Contribution No. 57-64, College of Mineral Industries, The Pennsylvania State Uni- 
versity, presented at the 1956 Annual Meetings of the Mineralogical Society of America, 


Minneapolis, Minnesota; see Roy (1956p). 
** Throughout the paper the customary cement chemists’ abbreviations C=CaO, 


S=SiO2, and H=H.0 are used for the molecular formulae of the compounds. 
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rected toward obtaining information on the stability relations of calc‘um 
silicate hydrates under hydrothermal conditions. It was hoped that new 
data obtained under conditions of higher pressure and temperature at 
which equilibrium is readily attained would indicate the ultimate direc- 
tion in which lower temperatures non-equilibrium reactions tend to pro- 
ceed. The high-lime portion of the system was selected, inasmuch as phase 
equilibrium data in this region could eventually give information leading 
to the understanding of the behavior of cement clinker components such 
as 3CaO- SiO. and 2CaQ- SiO, under conditions of hydration, and of the 
natural hydrous and anhydrous mineral counterparts. 

While the total composition of hydrated cement is high in CaO con- 
tent, tobermorite (ideally 4CaO-5SiO,-5H2O) or poorly crystallized 
structurally related hydrates are now believed to form the basis of the 
binder in concrete and high-temperature insulating materials (Taylor, 
1950, 1952; Kalousek, 1954, 1955). Asummary of conditions of formation, 
properties, and apparent stabilities of various lime-silica hydrates has 
been given by Bogue (1955, Chap. 22), Bernal (1952), Taylor (1952,), 
and Kullerud (1953), and a list of properties by Heller and Taylor (1956). 
It would appear from these data and from the work of Flint, McMurdie 
and Wells (1938) and of other recent investigators that in the high CaO 
portion of the system the minerals afwillite, hillebrandite, foshagite, 
possibly a high-temperature hydrate (such as C,.SH(D)) corresponding 
to the 2CaO: SiO, ratio, and C;SH: would be stable in the “hydrothermal” 
range. A systematic study should yield more accurate information on the 
stability limits of these phases. 

Buckner and Roy (1955) in their study of the join CaSiO3;-H,O found 
that tobermorite of the CaO: SiO, ratio 1:1 was stable as high as 220° C. 
at 15,000 psi water pressure, and that an intermediate phase was formed 
for a small interval (40° C.) above this temperature before giving rise to 
the less hydrous phase xonotlite. Recently the stability relations of di- 
calcium silicate and related compositions were determined under hydro- 
thermal conditions (Roy, 1958. In press). The present study was di- 
rected toward obtaining information on hydrates in the high-lime portion 
of the system CaQ-SiO2-H2O and as such is an extension of the previous 
study to lower temperatures. Of particular interest was the determination 
of the upper stability limits of hydrated phases where they are in equi- 
librium with anhydrous compounds such as rankinite, larnite or bredigite. 

A composition diagram of a portion of the ternary system on which are 
plotted most of the well established phases is given in Fig. 1, and natu- 
rally occurring minerals are given by name. Cross-hatched lines are drawn 
to suggest solid solution; the variation in H,O content and CaO:SiO, 
ratio in the tobermorite series is described in detail by Taylor (1950, 
1952., 1952»). Compositions from 3CaO:2SiO, to 3CaQ- SiO, were in- 
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Fic. 1. A portion of the composition diagram for the ternary system CaO-SiOs-H20. 
Established phases are indicated as well as the new phases X, Y and Z found in the present 
study; compositions are given in molar ratios CaO: SiO»: H:0. 


vestigated by hydrothermal techniques, using a variety of starting mate- 
rials. 
EXPERIMENTAL METHODS 


Equipment Used 


The hydrothermal quenching apparatus used was essentially that de- 
scribed by Roy, Roy and Osborn (1950). Samples were held in gold or 
platinum envelopes or sealed silver, gold or palladium tubes. In order to 
avoid hydration during initial heating of the pressure vessel, in a number 
of cases the pressure was introduced after the bomb had reached the 
desired temperature. Powder x-ray diffraction patterns were obtained on 
a GE XRD-3 diffractometer and on a Norelco Wide Range diffractom- 
eter using filtered Cu radiation. Many samples were examined under 
the petrographic microscope, and a few infra-red absorption spectra were 
obtained on a Perkin-Elmer model 21 double beam spectrometer, using 
on one side a pressed KBr disc “blank” and the other a KBr disc contain- 


ing about 0.67% of sample. 


Starting Materials 


The starting materials included natural minerals, mixtures fired to 
make the anhydrous compounds rankinite, yCaySiOg and tricalcium sili- 
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cate; “gels” essentially amorphous to x-ray prepared by the method de- 
scribed by R. Roy (1956); and hydrated phases crystallized hydrother- 
mally from gels, anhydrous compounds or mixtures of SiO, gel and 
Ca(OH)». The products obtained were not analyzed, but reasonable con- 
fidence in the compositions was established by checking the homogeneity 
of the high-temperature phases obtained on firing the samples. During the 
hydrothermal quenching runs possible change in composition of the mate- 
rial was checked by comparing the product obtained from an ordinary 
run in a gold envelope with that obtained under similar conditions in a 
sealed tube which does not permit transfer of any of the material. No sub- 
stantial difference could be found in the results with most compositions. 


RESULTS 
New Phases Synthesized 


At least three new compounds were formed in the high-CaO portion of 
the system at elevated temperatures. The probable compositions of the 
three phases designated X, Y and Z are indicated in Fig. 1. Proposed 
formulae of these compounds are based on the composition of the starting 
material and weight loss on ignition of a small sample at 1400° C after 
drying at 110° C, inasmuch as insufficient material was synthesized to 
permit accurate analysis. A small amount of CO. was no doubt part of 
the loss under ignition, particularly in X. The new phases are relatively 
low in H,0 content, and they were found to be stable to remarkably high 
temperatures, which is consistent with this observation. An additional 
needle-shaped phase was formed at temperatures around 700° C at high 
pressures, but insufficient data have been obtained to fully describe this 
phase and its stability limits at the present time. Refractive indices are: 
ny= 1.612, 2¢=1.598; extinction parallel or very nearly so, +elongation. 
Principal «-ray diffraction lines are: 7.4w, 3.68mw, 3.28s, 2.89vs, 2.58vw, 
2.318vw, 2.027mw, 1.622vw. 


Optical Properties 


X phase (CsS;H3) occurs generally as low birefringent crystals with 
poorly developed crystal faces. Very low birefringent crystal sections have 
an olivine-like shape with, however, inclined extinction of about 18°, neg- 
ative elongation. Refractive indices are: n,y=1.636, na= 1.630; interfer- 
ence figure is probably biaxial positive with a very small 2V. Y phase 
(CsSsH) occurs as moderately low birefringent plates or prisms with 
Na= 1.650, ng= 1.661, n,= 1.664, biaxial negative, 2V smaller than 30°, 
negative elongation with extinction angle 15°. The symmetry is appar- 
ently not higher than monoclinic. The optical properties easily distinguish 
this phase from @ and y Ca»Sio,. Z phase (CyS¢H) is difficult to distinguish 
optically from rankinite, having approximately the same index of refrac- 
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tion (7, = 1.654 and m,=1.649), and the crystals are seldom well enough 
formed to enable accurate determination of the indices. However, it is 
easily identified by its x-ray diffraction pattern. 


X-ray Diffraction Data 


X-ray diffraction patterns for the phases X, Y, and Z are given in 
Table I. These were obtained on a Norelco wide range diffractometer us- 
ing filtered Cu radiation. The patterns are diagnostic for each of the 
phases and are easily distinguished from those of the established lime- 
silica hydrates. Certain reflections of the X-phase are also characteristic 
of calcite, and the latter phase frequently occurs as impurity in high- 
CaO products; however, the pattern of X is sufficiently complex to dis- 
tinguish it from a mixture of calcite and another lime silicate phase. 
Taylor (personal communication, 1958) has recently synthesized a 
phase of apparent composition C;S2H, the properties of which agree well 
with those of X. This will be discussed further ina later section. Dent and 
Taylor in dehydration studies of afwillite have also encountered a poorly 
crystallized phase similar to Z (Dent, 1957). 


Infra-red Spectra 


Infra-red absorption spectra obtained for the compounds X, Y, and Z 
previously dried at 110° C. are given in Fig. 2. The spectrum of Y-phase 
is distinct from those of 8 and yCaeSiO, (see Roy, 1958) having two 
very small absorption bands present in the OH-H:;0O region, at 2.81 and 
2.91 microns, which is consistent with the minor H,O content in the 
proposed formula 3Ca,SiO,-H.O. Z-phase showed even smaller absorp- 
tion maxima at 2.82 and 2.91 microns, in agreement with the proposed 
formula 3Ca3Si,.07:H:O. The spectra of Z and Y are rather complex at 
longer wave lengths, and no interpretations are made of these, except 
that they do demonstrate the unique character of each phase. X-Phase 
(8CaO- 3SiO,:3H,O), in contrast to Y and Z, showed a greater intensity 
of absorption at 2.82 and 2.90 microns. Possible absorption due to CO;7 is 
present at 6.9 microns, but this is probably the spectrum of calcite, which 
is frequently present as impurity in high-lime mixtures, and which was 
identified optically in a small quantity in the particular sample used for 
the spectrum. It cannot be maintained that CO» is essential to the forma- 
tion of X-phase, inasmuch as the compound forms from anhydrous 
Ca,SiO; (heated to 1400° C.) as well as from gels formed at lower tem- 
peratures which would be more likely to contain adsorbed COs. 


Other Phases Present 


Crystals of C;SH» were well-formed needles or laths, the optical prop- 
erties and x-ray diffraction pattern agreeing with those reported by Mc- 
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{P7278 20581705 One Omen 
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1.604 .08 
1.558 1 15702 4,05 ; 
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* Filtered Cu radiation using Norelco Wide Range Diffractometer; ; spacings considered 
accurate to +0.002 A at 3.3 A. 


** Calcite data from H. Swanson and R. Fuyat, Standard X-Ray Diffraction Pat- 
terns, Natl. Bur. Stand. Circular 539, Vol. II, 52-53 (1953). 


*** Ca(OH)» data from H. Swanson, E. Tatge, ibid., Vol. I, 59 (1953). 
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Fic. 2. Infra-red absorption spectra for X(CsS;H3), Y(CsS3H) and 
Z(CoSeH) using KBr method. 


Murdie and Flint (1943). X-ray patterns of y and GCa,SiO, are consistent 
with earlier data (Roy, 1956,). Rankinite crystallized hydrothermally 
formed small very low birefringent crystals, with mg= 1.644. The «-ray 
diffraction patterns of rankinite formed in the present study, both hy- 
drothermally and “‘dry” at elevated temperatures differ slightly from 
previous data (Clark, 1946; Heller and Taylor, 1956), and therefore 
typical patterns of hydrothermal and ‘‘dry” rankinite are given in Table 
II. The comparison between the two is quite good, with, however, some 
differences in the intensity pattern of the reflections. 

Foshagite, although apparently not a stable phase in the composition 
range studied (CaO: SiO, ratios of from 3:1 to 3:2) was formed in trial 
runs in which excess SiO, was added to the 3:2 composition, and also in 
an occasional run of long duration from 3:2 CaO:SiO: mixture, in which 
CaO was believed to be leached out, leaving a CaO-poor mixture. Ap- 
proximate conditions of formation were 450° C., 15,000—30,000 psi, al- 
though no attempts were made to define a region of stability. These 
observations, however, suggest that the formula proposed by Gard and 
Taylor (1958) having a CaO:SiO, ratio of 4:3 is more correct than the 
previous approximation 5:3 (Eakle, 1935). 


Hydrothermal Phase Equilibria 


Hydrothermal quenching data used to determine the p-T curves of 
Fig. 3 are summarized in Table III. In all cases more than one type of 


1016 ID RYE, IRONE 
TABLE 2. POWDER X-RAY DIFFRACTION DATA ON RANKINITE 
Rankinite we Rankinite 
Rankinite 850°, 20,000 psi See 850°, 20,000 psi 
1385° 24 hrs. 3 aye 1385° 24 hrs. 3 days 
d(A) I/Io d(A) Wile d(A) I/Io d(A) WA 
6.4 02 2281 es WRI .05 
5.62 af 27223 .05 
5.43 3 5.44 ED 2.193 2 2.198 05 
5.19 afl 2.166 aS 2.167 L 
4.48 4 4.49 3 D134 | 2.139 a 
4.10 a3 4.09 a8 2.110 Mi 2.110 .05 
3.84 4 3.84 15 2.047 ct 2.039 .05 
3.786 4 3.79 aS 1.998 “4 1.987 1 
3558 a5 1.968 s 1.970 2 
3.382 - 3.380 32 1.963 6 1.964 eg 
3.238 2 1.958 5 1.958 05 
3.198 3 3.200 6 1.922 .8- 
3.174 6 eee aff 1.916 eS 1.919br 05 
3.013 1.0 3.019 1.0 1.886 .05 
2.990 Bil 1.864 al 1.864 * 
2.903 j2 2.906 6 1.832 Ee 1.835 et 
2.791) if 1.828 S 1.828 .05 
2ES0bE — 243 2.770) A) 1.819 4 1.820 2 
2.746 a) 2.750 © 1.800 .05 1.802 .02 
2.719 9 2VAS iS 1.761 2) 1.743 .05 
2.714 1.738 .05 
2.607) és 2.609 Hi 1.734 .05 
2.594 6 1.730) .05 
2.592) 2.580 3 1.632 02 1.635 1 
2578 5 2.542 i} 1.611 D 1.611 .05 
E52) 4 9-523 bre = 53 1.599 .05 
2.508 ay 1.588 a 
2.366 ih 
2.300 05 


starting material was used in the hydrothermal runs, to provide a reason- 
able check on the attainment of equilibrium. For example, for curve IV, 
when C;S, X+ Ca(OH), and crystalline C;SHp all yield the same product 
it is clear that equilibrium has been attained. It was fairly easy to reverse 
the equilibria involving C;SH2, X, Y, C2S, and C,S for curves I, III, and 
IV (i.e., phases above and below a particular p-T curve could be con- 
verted readily to the other assemblage). Rankinite, however, was not 
readily hydrated, and curve II is based on results from decomposed 
afwillite and more than one gel. Afwillite was not synthesized sufficiently 
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Fic. 3. Pressure-Temperature equilibrium curves for reactions in the system CaO-SiO2-H20. 
Xonotlite—Wollastonite+H20O is from Buckner and Roy (1955). 


free from other phases to enable use as a starting material, so the results 
for curve V are based on results of the decomposition of two different 
samples of natural afwillite, which gave closely similar results. 

The temperature for the reaction X=a’CaySiO,y (8C.S on quench) 
+Ca0+H,0 (curve I) varies from about 820° C. ‘at 2,000 psi to about 
875° C. at 15,000 psi. Curve II for Z=rankinite+H,O does not show a 
significant variation with pressure, which is not surprising in terms of the 
low H.O content of Z, and the optical properties which would suggest not 
very different densities for Z-phase and rankinite. The best value on the 
curve seems to be about 820° C. at 15,000 psi. Y-phase is in equilibrium 
with a’Ca,SiOu+ HO at 803° C. and 10,000 psi, and 815° C. at 15,000 
psi. Attempts made to obtain points at pressures of 30,000 psi or greater 
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TaBLeE 3. HYDROTHERMAL QUENCHING DATA FOR 
THE SystEM CaQO-SiO2—H20 
Composition 
Run | Temp.| Press. | Time Remarks 
Ras 4 No. ¢ c. psi days (Starting Material) Bhases Excecnt 
CaO | SiOe 
Curve I 
fi) 25 540 880 15,000 , CS-15(XIn C3S) B CS largely 
75 25 593 880 12,800 1 CS-15(XIn CsS) BCS largely 
75 25 571 869 13,700 i CS-15(XIn C3S) X phase+f 
75 25 568 854 13,700 1 CS-15(CXIn C38) x phase largely 
75 25 723 761 | 16,000 1 CS-29(XIn C38) X+1 Ca(OH)» 
75 25 592 880 12,800 1 CS-19(C3S gel) B CaS 1. CaO 
75 25 581 812 11,500 3 CS-19(C3S gel) X largely 
75 25, 541 880 15,000 1 CS-5 (C3S gel) g CS largely 
75 25 572 869 | 13,700 1 CS-5 (CS gel) X+1 8 CoS 
75 25 214 807 2,500 1 CS-5 (C3S gel) X largely 
75 25 227 825 2,000 1 CS-5 (C3S gel) Pa ea 
75 25 De) 835 1,500 1 CS-5 (C3S gel) B+Ca 
75 25 234 832 4,000 1 CS-5 (C3S gel) B+X C40 
75 25 245 857 3,500 i CS-5 (C3S gel) B+1X+CaO 
75 25 257 862 4,000 2 CS-5 (C3S gel) B-+Ca O 
7 29 | so4 | 880 | 12,800] 1 | CS-18(CsS2 gel) B. CxS la argely 
1 29 582 812 | 11,500 3 CS-18(C5S» gel) X+B CoS 
Curve IT 
60 40 321 800 2,000 1 gel CS-7 Z phase 
60 40 93 815 2,000 5 gel CS-7 Rankinite 
60 40 826 799 6,700 1 mixture CS-32 Z 
60 40 747 810 16,500 1 mixture CS-32 Z+1 Woll 
60 40 754 818 16,500 1 mixture CS-32 Rank+1 Woll 
60 40 1206 799 10,800 1 gel CS-31 Z phase 
60 40 937 803 12,700 3 gel CS-31 Z 
60 40 934 820 13,600 1 gel CS-31 Z, 
60 40 1226 833 9,400 1 gel CS-31 Us 
60 40 931 834 14,900 1 gel CS-31 Z 
60 40 924 845 15,200 3 gel CS-31 Rank 
60 40 963 824 21,000 1 gel CS-31 Z; 
60 40 939 829 27,300 1 gel CS-31 Rank 
60 40 943 842 26,000 2 gel CS-31 Rank 
60 40 512 800 15,000 8 gel CS-7 Z 
60 40 621 803 15,500 1 gel CS-7 is; 
60 40 629 820 17,700 1 gel CS-7 Rank 
60 40 578 828 14,800 1 gel CS-7 Rank 
Curve ITT 
67 33 824 760 7,500 1 Corer a react- 
ed (CS-33) Y phase largely 
67 33 764 790 7,300 1 pepe react- 
ed (CS Y largely 
67 33 | 1193 791 9,000 5 CS-17 rg Y phase 
67 33 603 790 17,500 3 CS-17 gel Y largely 
67 33 1209 799 10,800 1 CS-17 gel Y phase+1 6 CoS 
67 33 619 803 15,500 1 CS-17 gel B largely 
67 33 1213 805 10,000 1 CS-17 gel B+l xX 
67 33al 5583 812 | 11,500 | 3 CS-17 gel p+ xX 
67 33 529 685 4,000 13 CS-14 (y C28) Y largely 
67 33 825 760 7,500 1 CS-14 y CaS B CoS+Y 
67 33 763 790 7,300 1 CS-14 y C2S B CoS+1 7 
67 33 828 799 6,700 1 CS-14 y CoS BCS 
67 33 564 781 12,000 3 CS-14 y C2S Y phase largely 
67 33 584 812 11,500 3 CS-14 y CaS Y CoS+ 8 CoS 
67 33 727 774 16,500 1 CS-14 y CoS Y phase 
67 33 638 810 22,500 19 CS-14 y GS B+ly?+Y? 
67 33 576 828 14,800 1 CS-14(y C2S) Bly 
67 33 509 800 15,000 8 CS-11(y C2S) Y phase 
67 33 496 830 15,000 10 CS-11 (y CaS) BCS 
67 33 1192 791 9,000 5 1045 (y CoS) Y phase 
67 33 1268 799 10, 800 1 1045 (y CoS) B CoS+1 Y 
67 33 1212 805 10,000 it 1045 (y CoS) B OS41X 
67 33 1222 815 10,300 1 1045 (y CS) BCS 
67 33 1194 791 9,000 5 865 (Y phase) Good Y 
67 33 955 798 21,200 1 866 (8 CS) Y phase 
67 33 | 958 | 804 | 27,500! 3 | 866 (6 G35) Y phase 
67 33. | 951 815 | 20,100 1 866 (B CoS) B largely 


Abbreviations: X =crystalline; 8B =B CoS; Woli=Wollastonite; Rank 


cite; |=little; decomp = decomposition. 


Where wollastonite was formed it a 
from para-wollastonite. 


=rankinite; qtz=quartz; 


Co=cal= 


grees with the pattern of Heller and Taylor (1955) but is undistinguished 
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| 
Composition 
Mol % oe shee Press. | Time Remarks Ph Pp t 
0. ai : . ases Presen 
cao | Sids psi days (Starting Material) 
67 3a 949 826 18,750 i 866 (B CaS largel 
67 33 946 850 | 20,400 3 866 (B Cis) B Cs 
Curve IV 
75 25 676 231 12,000 4 C3SH2 (No. 666) C3SH2 
75 25 702 410 15,500 3 C3SHe (No. 666) C3SHe largely 
75 25 711 454 15,900 3 C3SHe (No. 666) C3SHe largely 
75 25 725 460 15,500 5 C3SHe (No. 666) X+C3SH2 
75 25 1220 483 9,400 1 C3SH2 (No. 666) Gel cae): 
75 25 1197 500 29,200 1 CsSHe (No. 666) CsSH2+1 X 
75 25 1189 504 20,000 1 C3SHe (No. 666) CsSH2+X-+1 Ca(OH)» 
75 25 | 1225 507 9,800 1 CsSH2 (No. 666) CsSH2+some X+CC+Ca(OH):2 
75 25 700 SS) 15,900 1 C3SH2 (No. 666) X largely +Ca(OH)2 
75 BS) 1186 580 36,000 1 C3SH2 (No. 666) X-+1 calcite+1 Ca(OH)2 
75 25 1230 507 10,000 2 C3SHe (No. 666) X+Cc+Ca(OH)2 
7S 25 712 454 15,900 3 X-+Ca(OH)2(CS-35) | X-+C3SH2+some Ca(OH)» 
75 25 1219 483 9,400 1 | X+Ca(OH)2(CS-35) | X+Ca(OH)2+C3SH2 
75 25 744 485 | 12.700 5 X+Ca(OH)2(CS-35) | X++Ca(OH)s 
75 25 | 1196 500 | 29;200 1 X+Ca(OH)2(CS-35) | CsSHe+X +1 Ca(OH)» 
75 25 1188 504 20,000 i X+Ca(OH)2(CS-35) | X+C3SH2+Ca(OH)2 
75 25 1224 507 9,800 1 X+Ca(OH)2(CS-35) | X+Ca(OH)» 
75 25 1229 507 10,000 2 X+Ca(OH)2(CS-35) | X+Ca(OH)2+1 Ce 
75 25 1185 580 36,000 1 X4-Ca(OH)2(CS-35) | X+Ca(OH)2+1 Calcite 
75 25 666 204 | 12,400; 4 CasSiOs (CS-22) CsSH2 
75 25 677 297 1,500 1 CasSiOs (CS-22) C3SHe2 
75 25 682 386 6,400 1 CasSiOs (CS-22) C3SH2 
75 25 703 410 15,500 3 CasSiOs (CS-22) C3SHe-+X +Ca(OH)2 
75 25 724 460 | 15.500 5 CasSiOs ee C:SH2+X +Ca(OH)s 
75 25 743 485 | 12.700 5 CasSiOs (CS-22) X+Ca(OH)2 
75 25 701 525 | 15,900 it CasSiOs (CS-22) X+Ca(OH)» 
75 25 1218 483 9,400 1 CasSiO; (1044) X+Ca(OH)2 
TS: 25 1195 500 29,200 1 CasSiOs (1044) C3SH2+X 
ae 25 1187 504 20,000 1 CasSiOs (1044) RUA i Ca(OH)2 
75 25 1223 507 9,800 1 CasSiOs (1044) X+Ca(OH 
75 25 1228 507 10,000 Ps CasSiOs (1044) x1 CHORD: )e 
75 25 1184 580 36,000 1 CasSiOs (1044) X+Ca(OH)2+1 Calcite 
Curve V 

60 40 850 157 10,000 7 Afwillite-Crestmore | Afwillite 
60 40 835 188 15,000 8 Afwillite-Crestmore | Afwillite 
60 40 818 190 14,200 1 Afwillite-Crestmore | Afwillite 
60 40 814 194 15,200 1 Afwillite-sealed tube | Decomp; Z beginning? 
60 40 797 218 15,000 5 Afwillite-sealed tube | Partly decomp 
60 40 had 291 11,500 1 Afwillite-sealed tube | Z phase largely 
60 40 627 200 12,000 1 Afwillite-Megaw Afwillite 
60 40 669 204 12,400 4 Afwillite-Megaw Afwillite 
60 40 647 ous 12,200 15 Afwillite-Megaw Decomp 
60 40 656 214 15,000 1 Afwillite-Megaw Some decomp? 
60 40 635 212 12,000 1 Afwillite-Megaw Some decomp? 
60 40 643 PMLal 4,500 1 Afwillite-Megaw Afwillite 
60 40 663 219 5,100 4 Afwillite-Megaw Decomp 


were beyond the practical limit of the apparatus at such high tempera- 


tures except for short runs. However, 


it was doubtful that equilibrium 


was attained under such conditions, inasmuch as the results thereby ob- 
tained were not consistent. 

C;SH, was in equilibrium with X+Ca(OH)>» 
tures ranging from about 505° C. at 10,000 psi to 520° C. at 15,000 psi to 
570° C. at 30,000 psi. The reaction was fairly easily reversible, although 
there was some indication of persistence of C;SH: above the curve in 
short runs. C;SH» was formed as low as 200° C. in the present study. The 
curve for the equilibrium xonotlite=wollastonite+H,0O is taken from 
Buckner and Roy (1955), Curve V was obtained using two samples of 


(curve IV) at tempera- 
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afwillite,* one from Scawt Hill and the other from Crestmore. Both 
samples gave closely comparable decomposition temperatures, about 
210° C. at 15,000 psi. The decomposition product just above the curve 
was difficult to identify, but at about 300° C. or higher the decomposition 
product compared well with the Z-phase which is formed from gels at 
temperatures up to 830° C. 


DISCUSSION 
Stability of X-phase and Variability in Composition 


The phase designated X (suggested composition: 8CaO: 3SiO»: 3H2O) 
formed throughout a wide range of conditions of temperature and pres- 
sure (see Table IV). Since in most of the runs at lower temperatures 
anhydrous C3S was used as the starting material, X was formed from these 
runs (in equilibrium with Ca(OH).) only above the upper stability limits 
of C3SHp». It is possible that CsS;H; from its own composition would be 
stable to much lower temperatures. 

X is a well crystallized phase, and was mentioned earlier (along with 
the synthesis of Y and Z) in connection with studies on dicalcium silicate 
(Roy, 1956, and 1958.). No difference in the spacings nor the intensity 
pattern of the reflections was observed at high temperatures where 
it was in equilibrium with a’CapSiO, (from C228 and C258 compositions) 
or CaO (from C;S compositions). Therefore, at least in the approxi- 
mate range 700-850° C. the phase X is considered to be a unique well 
crystallized material showing no measurable solid solution. Taylor 
(personal communication, 1958) has recently synthesized an essen- 
tially identical phase having a structure analogous to chondrodite, which 
he calls ‘‘calciochondrodite,”’ 2Ca2SiO4- Ca(OH)». If a calcium analogue of 
chondrodite is stable it is reasonable to expect one or more of the homo- 
logues norbergite, humite or clinohumite (see W. H. Taylor and J. West, 
1928, 1929, for structures of chondrodite series) to be formed. In the 
previously mentioned studies a phase resembling X was formed below 
about 600° C. at low pressures (Roy, 1956,,, and 1958) at the ex- 
pense of yCapSiOu, the olivine structure. (The apparently unrelated 
phase Y formed alternatively at high pressures.) A comparison of the x- 
ray diffraction pattern of X with a typical pattern of the phase formed 
from dicalcium silicate, designated X* is given in Tabie V. Many of the 
stronger lines of X are present in X*, but a variation in the intensity pat- 
tern of the lines is observed, and several lines are absent, notably the 001 
and 002 (of “calcio-chondrodite” based on Taylor’s indexing). These ab- 
sences would strongly suggest that X* is another of the ‘“‘calcio-chondro- 


i The generosity of Dr. H. Megaw and of Col. C. M. Jenni in contributing the samples 
from Scawt Hill and Crestmore, is greatefully acknowledged. 
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TABLE 4. HypROTHERMAL QuENCHING RuNS DESCRIBING 
STABILITY OF X PHASE 
Run No. emp aC: Press. psi Time days Phases Present 
Ca3SiO; Com position 
540 880 15,000 1 8 CS largely 
571 869 13,700 1 X-+some 8 
222 835 1,500 1 B C2S+CaO 
214 807 2,500 1 X largely 
206 775 2,000 1 X+CaO 
724 460 15,500 5 C3SH2+X-++ Ca(OH) 
682 386 6,400 1 C;SH2 
597 290 1,000 Y X+Ca(OH)» 
666 204 12,400 4 C;SH: 
2.5(CaO) (SiOz) Com position 
582 812 11,500 3 X+1 BCS 
586 772 15,500 6 X-+some Y 
2.2(CaO) (SiOz) Com position 
246 857 3,500 1 B CS+1 CaO 
235 832 4,000 il B C:S+X 
508 800 15,000 8 X+Y 
207 775 2,000 1 X+6 CS 
$21 630 10,500 8 X+Y 
201 665 2,000 3 vy CS+X 
182 640 20,000 1 X-+Y 
249 528 2,000 1 x 
514 433 13,500 6 Y+xX*? 
2(CaO) (SiOz) Composition 
325 750 20,000 2 Y 
334 744 2,000 1 BCS 
328 670 2,000 3 y C.S+some X* 
| 262 650 3,500 1 y C:S+some X* 
288 640 20,000 3 Y 
| 159 590 3,500 3 y CoS=+-X* 
271 490 2,000 2 Ge 
| 300 500 20,000 3 Y 
466 475 15,000 7 Ne 
| 242 472 1,500 1 x 
515 433 14,200 6 Y 
294 420 20,000 1 unknown 
PLT 320 1,000 1 xe 
2 Ge 


598 290 1,000 


Abbreviations X=X phase (CsS3Hs) 

X*=poorly crystallized phase similar to X, see Table IV 
Y=Y phase (C,S;H) 

CoS = CaeSiOu, 1=little 
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TABLE 5. COMPARISON OF THE X-Ray DirrRaction DATA 
ON THE PHasEs X AND X* 
xes x 
No. 271 formed from Ca:SiO, formed from -CsS3 
d(A°) 1/Xo d(A°) I/lo hkl (Taylor’s) 
8.45 58) 001 
5.435 sf 200, 201 
4. 377 05 4.351 we 
4.220 .0 002 
4.06 “1 4.020 ae 201 , 202 
3.829 7 Srooe AS 111 
3.708 sl 210,211 
3.349 we 3.346 $55) 331 
3.143 05 
3.045 m0) 3 OKs 65 311 
2.950 ail 2.950 5) 310 
DRG mS 2.920, nOm 202 , 203 
2.840 JE 2.815 545) 401 
2.784 oil 2.781 45 312 
2.698 a2 DANG .6 400 , 402 
2.629 .05 2.582 a) 311 
2.556 oil 2.561 109 118) 
Des Pp 2.526 ne) 2145213 
2.498 x29 411 
2.481 NS 2.481 wil 120,121 
eG “il 401,403 
2.326 sl 
2.144 3ii 
2.110 05 
1.949 02 2.026 Al A02 ,404 
1.913 mS) 1.914 209 222,223 
1.899 PP 1.875 .05 
1.855 05 420,422 
1.829 5 INS) Sulit 
1.811 5 600 , 603 
1.783 05 
1s aM 05 
1.700 mS 
1.689 SP 1.690 1.0 (005) 
1.667 a, 1.665 BS 
1.556 “Al 1.558 ail 
1.461 05 


dite” series. Unexplained are absences of 400 spacings, although suffic- 
lent hkO spacings are present to suggest the same general type of frame- 
work. Furthermore, the line 1.689 is present, though diminished in in- 
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tensity, which would correspond to the interlayer distance between suc- 
cessive oxygen (or hydroxyl) sheets characteristic of the chondrodite 
type structures containing Ca. 

The poorly crystallized nature of this phase (X*) makes tentative the 
suggestions outlined. There is the problem of reconciling possible 
formulae with the composition of the starting material 2CaO- SiO»; how- 
ever, the material, being poorly crystallized might contain amorphous 
SiO. It is an additional problem to determine what is the stable phase 
under these conditions. The phase Y is apparently stable at higher pres- 
sures at least as low as 475° C., and X*, though formed reproducibly, 
may be only metastable. 


Chondrodite in the M gO-SiO.-H,O System 


The stable hydrothermal formation of a calcium analogue of chondro- 
dite was unexpected, inasmuch as chondrodite had never been encoun- 
tered in the studies of the system MgO-SiO,-H.O (Bowen and Tuttle, 
1949) or MgO-Al,O3-Si02-H2O (Roy and Roy, 1955). Three alternatives 
would immediately come to mind to explain failure to achieve synthesis 
of the chondrodite series: (1) F~ is essential to the stability (not only 
formation) of the structures, (2) chondrodite is stable with a deficiency of 
H,O in the region where the assemblage serpentine -+ brucite is stable with 
excesss H,O (under the hydrothermal experimentation conditions), or (3) 
chondrodite is actually only a metastable phase. 

Inasmuch as the previous work (Bowen and Tuttle, 1949; Roy and 
Roy, 1955) only incidentally provided information on stable assemblages 
involving forsterite, serpentine and brucite, it was decided to make a few 
more exploratory runs in this region. Gels of the compositions 2.5 
MgO-SiO, and 3MgO- SiO: and a sample of natural chondrodite from 
Orange Co., New York* were used as starting materials. Runs were made 
in the temperature interval immediately below the decomposition of 
brucite, roughly 430-650° C. at pressures of from 5,000 to 35,000 psi for 
periods of time varying from 15 minutes to 10 days. 

The results obtained were somewhat inconclusive. Although the 
shorter runs did not bring about decomposition of chondrodite, in most 
cases the 001 and 002 spacings were diminished or absent, and other 
changes in the «-ray powder pattern took place, especially reinforcement 
of the 200 line. 

No positive evidence for synthesis of chondrodite (or norbergite) from 
gels was obtained, and in most cases the final product was a mixture of 
brucite+forsterite. In some of the shorter runs at low pressures weak 


* F. A. Genth collection, No. 415.12, College of Mineral Industries, The Pennsylvania 
State University. 
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lines at ca. 7.4 and 3.72 A were observed which could possibly correspond 
to 001 and 002 of chondrodite, but more than likely correspond to 001 
and 002 of poorly crystallized serpentine formed during the few minutes 
of heating up to temperature. 


Other Observations on Chondrodile Stability 


In view of the failure to achieve synthesis of chondrodite and other 
members of the homologous series in the system MgO-SiO,-H.0O, the pres- 
ence of a stable chondrodite structure in the calcium silicate hydrates 
was unexpected. The high stability temperature of X (875° C at 15,000 
psi) was a further surprise inasmuch as Ca(OH)» decomposes much lower 
(about 742° C. at 15,000 psi: Majumdar and Roy, 1956). Natural occur- 
rences of the chondrodite series suggest that the usual mode of formation 
is alteration of olivine, or retrograde metamorphism where the H,O 
pressure would be low, usually associated with limestone. The further 
alteration of the chondrodite to serpentine is observed, probably at 
lower temperatures and higher water pressures. 

The converse seems to be true in the calcium silicate instance, where 
the lime olivine yCa,SiO, is stable only below about 675° C. at mode- 
rately low pressures (Roy. In press.) and is ‘‘up-graded”’ through the 
formation of the chondrodite phase. Ca** is present in six-fold coordina- 
tion in yCa2SiOu, and apparently in calcio-chondrodite and Ca(OH)p, 
while the more dense forms of CaySiO4 in which Cat+ is present in a 
higher coordination state with respect to oxygen are stable above 675° C. 
The combination of the olivine and Ca(OH), layers to form the chondro- 
dite structure apparently enhances the stability of the six-coordinated 
polyhedra, and the combination structure is stable to a higher tempera- 
ture than either of the components. 


The Role of HO in the Structures of the Hydrates 


The proposed formula for X-phase, CsS;H; suggests a higher H,O con- 
tent than that of Taylor (CsS,H). The formula CsS3H3; is based on total 
ignition loss, and it is recognized that a small amount of CaCO; is pres- 
ent, which may well explain the difference. Infra-red absorption spectra, 
however, show two maxima in the ‘‘water-band” region, and a second 
type of “water” may be present in addition to the hydroxyls of the 
Ca(OH), layer (Fig. 2). 

The infra-red absorption spectra of the phases Y and Z, respectively, 
show diminishing amounts of “H,O,” and similarly have two separate 
maxima in this region. The poorly crystallized phase resembling Z ob- 
tained by Dent from the decomposition of afwillite (Dent, 1957) appears 
to be anhydrous; however, this is not surprising, in view of the fact that 
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any number of pseudo-phases may be cited, particularly clays, micas, 
etc., in which the water has been almost totally removed and yet essen- 
tially the same x-ray pattern persists. The low H,O content of Z and simi- 
larity in the refractive indices to those of rankinite, suggest not too differ- 
ent densities and probably similar coordination of the calcium ions in the 
two phases; and the formation of Z-phase seems to be a logical step on the 
way to the formation of rankinite. 

Y-phase appears to be unrelated to any of the known hydrates, and 
thus far has not been formed at low pressures (below about 5,000 psi). 
Having relatively high refractive indices, it appears to be more closely 
related to the structures of the higher temperature polymorphs of 
CaySiOu, a’ or B; it converts readily to the latter on heating “dry” at 
temperatures of about 800° C. or higher. 

It has been generally accepted that the H,O content of C3SH, is vari- 
able, and no attempt was made in the present study to determine the 
actual composition—the optical properties and x-ray diffraction pattern 
were sufficient to establish the identity of the phase with the phase 
previously described by Flint, McMurdie and Wells (1938) and others. 
No positive evidence was obtained for more than one step in the process 
of breakdown of the C3SH: structure, i.e., the optical and x-ray data were 
consistent up to the temperature of decomposition. A temperature in- 
terval over which the three phases C3;SH2, X and Ca(OH)» coexist was 
found, but this may be the result of leaching out of some CaO to change 
the total composition. A few runs in sealed tubes in which the total com- 
position of the sample cannot change suggest that this is the explana- 
tion. Therefore, the maximum temperature at which C;SH» was formed 
was taken as the upper stability limit. 

The hydrothermal decomposition of afwillite similarly failed to reveal 
more than one step in the process. The optical properties and «-ray dif- 
fraction pattern remained those characteristic of well crystallized afwil- 
lite up to the temperature of the decomposition curve. The fact that 
hydrothermal decomposition takes place nearly 100° C. lower than de- 
hydration at atmospheric pressure (about 300° C., Parry and Wright, 
1925) is not surprising, inasmuch as the hydrothermal decomposition is 
believed to be an equilibrium reaction. Dent (1957) has pointed out the 
fact that during dehydration at atmospheric pressure a steady gradual 
weight loss is observed, and the weight loss curves are based on extent of 
dehydration during a “reasonable” length of time. 


Natural Occurrences 


The apparent formation of the three phases X, Y and Z throughout a 
wide temperature range was surprising inasmuch as none of the three are 
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known to occur naturally. Four possible explanations for their absence in 
known calcium silicate localities might be proposed: 


1. The deposits are formed at high temperatures above about 800° C. 

2. The deposits were formed at high or intermediate temperatures in 
the absence of sufficient H,O to give rise to hydrates. 

3. Reaction was dominated by CO, from limestone, and silicate- 
carbonates were formed. 

4. Reaction to form calcium silicates took place at high temperatures, 
and later low temperature hydrothermal alteration gave rise to 
comparatively low temperature hydrates such as afwillite, hille- 
brandite or perhaps foshagite. 


A combination of 2, 3 and 4 appears to be the case at Crestmore (Burn- 
ham, 1954). The results of the present study, however, may not be 
strictly applicable where MgO is a component. Monticellite is stable un- 
der water pressure of about 15,000 psi as low as 475° C., and merwinite 
as low as 625° C., though not as low as 475° C. (Roy, 1956a). 

Wollastonite is by far the most common of the anhydrous calcium 
silicates. Although other factors have also to be considered, wollastonite 
would be expected to be relatively abundant in contrast to hydrate miner- 
als, from the comparatively low decomposition temperature of the 
CaSiO;-hydrate stable to highest temperatures, xonotlite—decomposing 
at about 420° C. at 15,000 psi (Buckner and Roy, 1955). 

While tobermorite type structures undoubtedly play the dominant role 
in the binder of portland cement, it would be worthwhile to examine vari- 
ous poorly crystallized cement materials for the presence of X or Z. These 
phases are apparently formed stably at low pressures—although probably 
not at ordinary temperatures, but steam cured or autoclaved materials 
might provide sufficiently high temperatures. The phase Y formed only 
at moderate or high pressures and would not be expected under similar 
conditions as X and Z; and cement phases having the ratios 2CaO- SiO, 
would be more likely to contain a mixture of X and Z. 
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ISOGYRES IN INTERFERENCE FIGURES 


W. Barcray Kamp, California Institute of Technology, 
Pasadena, Calif.* 


ABSTRACT 


The use of skiodromes in interpreting interference figures of crystal plates leads to both 
qualitative and quantitative errors, and should be abandoned. The theory of isogyre pat- 
terns is correctly developed by considering the effect on isogyre position of “rotation” of 
the polarization plane by the optical system. Although the amount of the rotation may be 
10°-15°, its effect on isogyre position is found to be small because the effects of rotation 
above and below the crystal plate work in opposite directions. An analysis, based on this 
conclusion, of the uniaxial] flash figure, acute and obtuse bisectrix figures, and optic normal 
figure leads to isogyre equations from which can be calculated the angle of rotation of the 
stage (from extinction) required to disperse the isogyres from the field. The formulas are 
simple and convenient, and are verified experimentally by comparison with values measured 
upon oriented thin sections. They provide a means of measuring 2V in Bxo figures and in 
Bxa figures of large 2V, and in particular a means of distinguishing between Bxa and Bxo 
figures. The corresponding formulas given by the skiodrome theory and the theory of 
Michel-Lévy are not satisfactory. An analysis of the optic axis figure reveals that 45° 
isogyre curves derived by Wright upon seemingly unsound assumptions are in fact sur- 
prisingly accurate. Replacements for the skiodromes currently in use are mentioned. 


1. Introduction 


The theory of interference figures in crystal optics was developed 
mainly between about 1900 and 1925. Most of the results and methods of 
this early work have fallen into disuse. In explaining the origin and form 
of isogyres, recent textbooks (Wahlstrom, 1951; Burri, 1950) make use 
exclusively of the skiodrome, a device introduced originally by Becke 
(1904). The skiodrome is, however, an incorrect representation of inter- 
ference phenomena. It is physically unsatisfactory, and leads to incorrect 
predictions as to the positions and shapes of isogyres. 

With the hope of correcting this situation, the present paper advances 
a coherent theory of the positions of isogyres in interference figures. The 
theory is subjected to practical test with the petrographic microscope, 
and its predictions are compared directly with the predictions of the skio- 
drome theory and other representations of interference phenomena. As a 
result of these tests (aside from the reasoning behind the theory) one may 
conclude that the theory here developed accounts correctly for the posi- 
tions of isogyres, and that the older theories do not. On the basis of the 
theory a practical means for distinguishing between Bxa and Bxo 
figures can be established, and a method given for measuring 2V in figures 
of either kind. 


* Division of Geological Sciences, contribution No. 865. 
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2. History of isogyre theory 

A survey of the literature on the isogyre problem reveals three main 
lines of development: (1) a protracted dispute (1904-1923) between 
F. Becke and F. E. Wright over the proper method of measuring 2V from 
interference figures; (2) introduction of the skiodrome theory by Becke, 
and its subsequent interpretation and development by Johannsen, and 
others; (3) formulation and application of approximate isogyre equations 
by Michel-Lévy and Wright. 

The dispute between Becke and Wright arose from the following ques- 
tion. Suppose that at a given point in the interference field of the cono- 
scope, the direction of vibration (direction of electric displacement D) of 
light reaching the observer’s eye is known. What is the direction of D of 
the corresponding ray of light while traversing the crystal plate under 
observation? Becke and Wright proposed different constructions (in 
stereographic projection) for the solution of this problem, and in the 
years 1904-1925 disputed the correctness of one another’s methods 
(Becke, 1904; Wright 1907; Becke, 1909; Wright, 1911; Kaemerer, 1913; 
Souza-Brandao, 1914; Wright, 1923). A review of the course of the dis- 
pute can be found in Wright’s 1923 paper (pp. 807-809). In this paper 
Wright concluded that the correct construction is unknown, and that 
there is in general an uncertainty equal roughly to the difference between 
the Becke and Wright methods in translating the position of isogyres in 
an interference figure into conditions in the crystal plate that produce the 
figure. The interpretation of interference figures is, he concluded, in- 
herently approximate at best. 

This conclusion was probably responsible for the lack of further devel- 
opment of the theory of interference figures. Discrediting the older ‘“‘ex- 
act’ methods of analyzing interference figures, it was probably respons- 
ible for the abandonment of these methods and the reliance instead ex- 
clusively on the skiodrome theory, a theory developed along lines quite 
different from those of the ‘‘exact’? methods, but one which led to con- 
venient diagrams and easily visualized conclusions. 

The skiodrome actually had been introduced by Becke in 1904. 
Whether it was intended as an exact theory or simply a handy tool is 
difficult to judge from the original article, but in the hands of others it was 
treated as an exact theory and developed in considerable detail to give 
isogyre equations for various types of interference figure. A detailed 
development of the skiodrome theory can be found in Johannsen’s text- 
book (1918, pp. 429-440). 

Nowadays the skiodrome theory seems to be used mainly as a device for 
demonstrating qualitatively to students the origin and general pattern of 
isogryes. The exact numerical development of the theory seems largely to 
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be disregarded. Neverthless, the emphasis placed on the skiodrome theory 
suggests that it should provide a more accurate description of isogyres if 
such a description were needed. 

An accurate description was, in fact, required by Michel-Lévy in an 
early work (1888) in which he proposed a method for determining 2V 
from bisectrix figures. For this purpose he developed an equation for the 
isogyres in bisectrix figures, by treating the interference phenomena as 
though they took place in a plane and applying the planar analog of the 
law of Biot and Fresnel. Wright (1905) rederived his formula but pointed 
out (1907, p. 341) that it did not seem to give trustworthy results and 
recommended that it not be used. Nevertheless, he applied the same type 
of analysis to the optic axis figure, obtaining an equation for the isogyre 
in the 45° position, from which he calculated the isogyre curves that have 
been reproduced in almost every optical mineralogy textbook. 

Present day teaching and practice in interference figure interpretation 
are outgrowths of these three unrelated lines of approach to the isogyre 
problem. In this paper I want to show that the skiodrome theory is pat- 
ently incorrect and should be discarded. A theory to replace it can be 
formulated when it is shown that the dispute between Becke and Wright 
failed to recognize the factors that actually determine the position of iso- 
gyres. The application of the new theory to bisectrix and flash figures 
provides a test of the theory against the predictions of the skiodrome 
theory and the theory of Michel-Lévy. Finally, the new theory can be 
applied to the optic axis figure and the result compared, for the 45° posi- 
tion, with the equation and curves given by Wright (1905). 


3. The skiodrome theory 


The skiodrome theory consists of two distinct elements: (1) definition 
and details of construction of the skiodrome corresponding to a given 
interference figure; (2) interpretation of the skiodrome in terms of the 
positions and shapes of isogyres, and justification of this interpretation. 

A skiodrome of a given crystal plate is an orthographic projection of 
curves of constant wave index of refraction (‘‘isotaques’’) plotted on the 
surface of a sphere, which may be called the ‘“‘reference sphere” for the 
crystal under consideration.* The details of this construction are given in 
most textbooks. 

Interpretation of the skiodrome is based on an analogy with the phenom- 
enon of extinction in orthoscopic light: the isogyres are said to be located 


* Evans (1907), who first introduced the theory into the English language, called the 
individual projected isotaques “skiodroms.”’ Nowadays the term “skiodrome”’ is used con- 
fusingly both for the individual curves, and for the entire figures which they compose. 
I shall use the term only for the entire figure. 
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at those points in the interference field where the allowed directions of D 
in the crystal coincide with the directions transmitted by the polarizer or 
analyzer. If one were to start from this assumption, he would need to 
determine what direction of D in the crystal plate corresponds to an ob- 
served direction of D at a given point in the interference field. This is 
exactly the question disputed by Becke and Wright. Becke’s and Wright’s 
methods of determining 2V from the isogyre patterns are based, in fact, 
on the above assumption and on the separate constructions which the two 
men proposed as the solution of the resulting problem. 

The skiodrome theory, however, presents an entirely different solution 
to the problem, because it asserts in effect that the allowed directions of 
D, as seen in the interference field, correspond to the tangents (and nor- 
mals?) to the projected equirefringence curves in the skiodrome. This 
construction leads to predicted directions of D that differ by as much as 
90° from the directions given by the Becke or Wright constructions. 

It is difficult to see why Becke, who proposed the skiodrome approach 
to the isogyre problem, should have thereby chosen a method which gives 
predictions so greatly different from his own “‘exact”’ solution of the D- 
direction construction. The only justification for the skiodrome method, 
as far as I can see, is that the interference phenomena do take place in 
effect on the focal sphere of the hemispherical objective lens, and this 
focal sphere, when observed from the distance of the ocular, is for prac- 
tical purposes projected onto a plane perpendicular to the microscope 
axis—a fact that is responsible for the validity of Mallard’s law. The fact 
that the focal sphere is observed in orthographic projection does not 
necessarily mean that the directions of D on the focal sphere are ortho- 
graphically projected when viewed from the ocular, and I shall in fact 
show that this is definitely not the case. 

Consider the allowed directions D, and D, corresponding to a given 
wave normal direction n in a crystal, shown in stereographic projection 
in Fig. 1. The pole of the projection is the microscope axis. When the 
waves 1 and 2, having wave normal n in the crystal, have been refracted 
by the objective lens so as to travel up the microscope tube their direc- 
tions of D are now D,’' and D,’, if determined from the Becke construc- 
tion, or D,’”’ and D,”’, if determined from the Wright construction. In the 
Becke construction, the directions are rotated about the horizontal axis 
N until they are horizontal, V being the intersection of plane D, D2 (which 
is normal to n) with the horizontal plane. (By “horizontal” is meant 
“parallel to the microscope stage.’”’) Thus D,’ and Dy,’ lie on the small 
circles, drawn about N as center, that pass through D, and D,. In the 
Wright construction, the ‘“‘vibration planes’? Din and Dyn are inter- 
sected with the horizontal plane to find the final directions of D. Thus 
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D,” and D,"" lie at the ends of the great circles passing respectively 
through D, and n and through D, and n. 

The skiodrome construction gives final directions D,’”’ and D,’’’. These 
are derived by orthographic projection of the vectors D, and Dy. Since 
azimuthal directions are the same in orthographic or stereographic pro- 
jection of a sphere, D,’” and D,’” evidently lie at the ends of radii from 
the pole of the projection, passing respectively through D, and Dz. 

The geometry of small circles and great circles in stereographic projec- 
tion requires that D,’ and D,”’ always lie on the same side of D,’”’, except 


Fic. 1. Stereographic projection to illustrate the Becke, Wright, and Skiodrome con- 
structions for finding the D vector in the interference field from the D vector in the crystal. 
nis a wave normal in the crystal, and D,, Ds, the associated directions allowed for D. 
ois the microscope axis. 


in the case that D, lies at C or N, in which event the three points Dy’, 
D,’’, and D,’” coincide. This fact can be justified in detail but is obvious 
without detailed proof. Hence the skiodrome point D,'” always lies out- 
side the range of directions between D,’ and D,’’, and a similar statement 
applies to D,’””. The one certain conclusion from the Becke-Wright con- 
troversy is, however, that a correct construction would place the final 
direction of D between D,’ and D,’’, and between D,’ and D,’’. Thus the 
skiodrome construction cannot possibly give the correct D directions ex- 
cept for points on the reference sphere where D is either horizontal, or lies 
in a vertical plane containing n. For all other points the skiodrome con- 
struction is wrong. 

This objection is fundamental, but another objection can be raised in- 
dependently. For all except the centered uniaxial optic axis skiodrome, 
and at all points on the skiodromes except the center and in some cases 
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points on the edge, the orthographically projected equirefringence curves 
are not orthogonal, so that the allowed D directions given by the skio- 
drome are not perpendicular when they reach the interference field of the 
microscope. The skiodrome theory takes account of this circumstance ina 
clever but puzzling way. It asserts that there are, in fact, always two iso- 
gyres, one in which the projected meridianal equirefringence curves are 
parallel to the directions of D transmitted either by the polarizer or the 
analyzer (which we will henceforth regard as NS and EW respectively), 
called the meridianal isogyre, and one in which the projected equatorial 
curves are parallel to NS or EW, called the equatorial isogyre. The two 
isogyres are superposed to form the isogyre actually observed, and since a 
doubling, even faintly, of the isogyre is never observed, the theory sup- 
poses that the two isogyres are broad and overlap to such an extent that 
the actual isogyre appears simply as a ‘‘broad brush” where the two 
separate significantly, an interpretation that correlates qualitatively 
with the observed features of isogyres. 

Even if a qualitative explanation were adequate for all purposes, the 
skiodrome theory would have to be discarded, because its predictions are 
qualitatively wrong for at least one type of figure, the biaxial optic normal 
figure. The skiodrome for this case predicts that the meridianal and equa- 
torial isogyres should lie in adjacent quadrants of the interference field. 
As the crystal plate is rotated away from the extinction position, in which 
the isogyres form a centered cross, the cross should break up into four 
hyperbolic isogyres which move out into the four quadrants of the field.” 
The meridianal isogyres move into the quadrants into which the acute 
bisectrix also moves, and the equatorial isogyres move into the other two 
quadrants. The equatorial isogyres disappear from the field more rapidly 
than the meridianal isogyres. For 2V = 90° the stage must still be rotated 
about 4° before the isogyres (which in this case move out equally fast in 
all four quadrants) reach the edge of the field. 

One need only examine an appropriate thin section, however, to see 
that the optic normal cross breaks up into only two isogyres, and these 
move into the quadrants into which the acute bisectrix moves. As 2V 
approaches 90°, the figure becomes less and less distinct, and the i isogyres 
leave more and more rapidly, until for 2V=90° the dark field simply 
vanishes as the stage is rotated from the extinction position, without 
breaking up clearly into hyperbolic curves at all. 

If the skiodrome theory fails qualitatively, its quantitative applica- 
tions can hardly be of much value. One example had already been given— 
the angle of rotation of the crystal plate required to bring the optic nor- 
mal isogyres for 2V =90° to the edge of the interference field. For a cono- 
scope of numerical aperture 0.85 the calculated angle is about 4°, which is 
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actually close to the observed angle for the isogyres in a uniaxial flash 
figure. Thus, if the skiodrome theory were correct, optic normal figures 
for which 2V=90° would resemble uniaxial flash figures quite closely, 
except that there would be four isogyres instead of two. 

In most cases it is difficult to propose a quantitative test of the skio- 
drome theory, because the theory provides no method by which the two 
types of isogyre should be combined to get the actual isogyre. Such a 
method cannot be found, because the theory has no physical meaning 
which would enable one to calculate the amount of light transmitted by 
the analyzer for a given point in the interference field with a given con- 
figuration of projected equirefringence curves. In short, a theory that 
defies the laws of optics is difficult to interpret quantitatively. 

Nevertheless, there is one interference figure that provides a quantita- 
tive test of the skiodrome theory, the uniaxial flash figure. The skiodrome 
for this case shows that there will be no equatorial isogyres, but instead a 
uniform change in illumination of the field as the crystal plate is rotated. 
Thus the isogyres in the uniaxial flash figure must be solely the meridianal 
ones of the skiodrome theory, for which a definite position can be cal- 
culated. The calculation (section 6) shows that the predicted isogyres 
leave the field exactly half as rapidly as actually observed. This is a deci- 
sive test and shows definitely that the skiodrome theory is wrong, even 
when applied only to the inner portion of the interference field. 


4. The effect of “rotation,” and the “isotropic cross” 
~ 3} 


Because the effects that produce the “isotropic cross’? are important 
in determining the location of isogyres, it is necessary to discuss them. 

Whenever a light wave passes through a refracting surface, a certain 
fraction of the energy is transmitted and a certain fraction reflected. If the 
light wave is plane polarized with D in the plane of incidence, a greater 
fraction of the incident energy is transmitted than if the wave is polarized 
with D perpendicular to the plane of incidence (i.e., D parallel to the re- 
fracting surface). 

A plane polarized light wave with D intermediate in orientation be- 
tween the incident plane and its normal will therefore suffer a greater 
diminution of the component perpendicular to the incident plane than 
of the component parallel to the incident plane, in passing through the re- 
fracting surface. This relative decrease in the perpendicular component 
of the D vector is responsible for a “rotation” of the vector away from 
the orientation that would be calculated by Becke’s method. 

The amount of this rotation can be calculated from the electromagnetic 
theory. A different derivation was given by Wright (1923, pp. 796-797), 
but his method lacks a physical basis. Moreover, there are misstatements 
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and misprints in the derivation and his final result is wrong; it is valid for 
a wave travelling in the direction opposite to the one assumed in the deri- 
vation. 

Suppose that the D vector amplitude of the incident plane polarized 
wave, moving in a medium of index ;, has components D;| in the incident 
plane and component D;~ perpendicular thereto. The incident wave nor- 
mal n; makes an angle 6; with the normal to the refacting surface. D; 1s of 
course perpendicular to n;. The refracted wave, in medium of index mz, 
then has components 


I| I 2n, cos 0; 
ie ae a 
: ao ni 
ne — n,2 sin? 6; + —cos 6; 
Ny 
i 2n; cos 6; 


He 
Die V/ne — ni2 sin? 6; + ; cos 6; 
The derivation of these results can be found in works on electromagnet- 
ic theory. From these equations, and with the help of Snell’s law, 


nN; sin 6; = nz sin 6, 


the value of the ratio D,+/D;! is found (after some manipulation) to be 
simply 
aft 


Di mek cos (0; — 6:) (1) 
Diy Duy es 


The decrease in the ratio D‘/D! is thus independent of the sign of 6;—4. 
The situation is depicted in stereographic projection in Fig. 2. In terms 
of the angles »; and »%, (1) can be written 

tan », = cos (6; — 6,) tan »;, (2) 
a formula first obtained by Fresnel. 

It can be shown that (2) leads to the conclusion that D; and D, lie ona 
great circle through n;, as shown in Fig. 2. This conclusion is the basis 
for Wright’s construction, mentioned previously. 

Note that if it were true that »,=v,, then D,; and D; would lie on a 
small circle centered at N, the normal to the incident plane. This is 
Becke’s construction. Actually »,<»v;, so that the D vector is “rotated” 
toward the incident plane by the amount 6=v;—»;. 

In an interference figure, the only light that reaches the observer’s eye 
is light that has travelled almost straight up the microscope axis from 
each point on the interference sphere (focal sphere of the objective lens). 
Thus, the only light that is seen from a given point P on the interference 
sphere is light that has been refracted through the optical system in a 
plane of incidence always containing the microscope axis and P. 

At the corresponding point P in the interference figure (Fig. 3), the 
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Fic. 2 (left). Stereographic projection to illustrate the “rotation” of the D vector caused 
by refraction of plane polarized light. n; is the incident wave normal, which is refracted to 
n;. D; and D; are the corresponding directions of D. The orientation of the refracting sur- 
face is not plotted. 

Fic. 3 (right). Pattern of D-vectors in the interference field of the conoscope. The pat- 
tern, shown in the NE quadrant, can be extended symmetrically to the rest of the field, as 
suggested. 


light would have D-direction PD, if »; were equal to v; at every refraction 
in the lens system. But in fact the component of PD, perpendicular to OP 
is reduced relative to the component parallel to OP, so that the actual 
direction of D at P is rotated toward OP (prolonged), to some orientation 
such as PD. The resulting directions of D in the interference field form the 
pattern shown in the NE quadrant of Fig. 3, in which it is assumed that 
the polarizer is set to transmit D accurately NS. Such a pattern was de- 
scribed by Wright (1923). 

The pattern shown in Fig. 3 is responsible for the isotropic cross, and 
can De verified by rotating the polarizer (or analyzer) of the microscope. 
The cross breaks up into two hyperbolic curves. If the D direction trans- 
mitted by the polarizer, which will be called the polarization direction, is 
rotated into the NW-SE quadrants of the field, the hyperbolae move into 
the NE and SW quadrants, and vice versa. By rotating the polarizer, 
the amount of “rotation”’ 6 at any point in the field can be measured. The 
maximum value for the lens system alone (without any plate inserted be- 
tween the condenser and objective) is about 6° or 7° for most microscope 
lens combinations of half-aperture close to 60° (in air). 

The isotropic cross described above is produced without birefringence 
or path differences, as can be tested with the gypsum plate. Johannsen 
(1918, p. 416), however, refers to the cross as having “weakly uniaxial 
positive character.”’ In this statement he confuses the above isotropic 
cross with a second ‘‘cross” that can be observed when the microscope is 
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adjusted improperly. The first cross, described above, is observed when 
the cone of light coming directly from the light source, converged by the 
condensing system, fills the field of the conoscope, so that the image of 
the light source, seen in the interference field, fills the entire field. If the 
microscope tube is then raised, the image of the light source shrinks 
rapidly. Superposed upon the image of the upper face of the condenser, 
which does not shrink so rapidly, can be seen a second “‘cross.”’ It can 
better be observed by substituting a small bright light source for the usual 
diffuse one—for example, by removing the blue diffusing plate used in 
most lamps. A gypsum plate shows that path differences are associated 
with this cross (in some microscopes). If the cross were interpreted as 
uniaxial, its sign would be +, as noted by Johannsen. When the polarizer 
is rotated, the cross of the second kind behaves very differently from the 
cross of the first kind, as shown in Fig. 4 (row II). 

Upon raising the microscope tube further, so that the image of the con- 
denser face shrinks down into the center of the field, a third kind of cross 
can be observed in the remainder of the field. It can also be seen simply by 
swinging the movable substage condenser out of the optical train. It has 
no “uniaxial” character. Upon rotating the polarizer the cross breaks up 
into a pair of hyperbolae that move slowly out into the same quadrants as 
the direction of polarization does, as shown in Fig. 4, row III. 

The crosses of the second and third kinds are produced by light that has 
been twice or more reflected at lens surfaces in the optical train. If a beam 
of perfectly parallel light enters the condensing system from below, the 
light reflected by the lens surfaces from rays that do not travel exactly 
along the condenser axis forms, after a second reflection that sends the 
light in a general upward direction again, a broad weak cone of light di- 
verging at all angles from the main light cone. The light in this cone is 
polarized with D nearly perpendicular to the plane of incidence, because 
the perpendicular component is preferentially reflected. That portion of 
the twice reflected light that has been reflected at the polarizing angle 
will have D exactly perpendicular to the incident plane. The twice (or 
more) reflected light from the condenser forms the cross of the second 
kind, and light similarly reflected in the objective forms the cross of the 
third kind. 

A plot of the expected direction of D after one reflection is shown in 
Fig. 5. The plot is qualitative only. Radial distance is angle of incidence 
plotted stereographically. The solid circle is drawn at the polarizing angle. 
The polarizer is set NS. To determine the directions of D expected in the 
multiple reflected light from the actual lens combinations requires a 
knowledge of the paths of the reflected rays, and hence a detailed knowl- 
edge of the lens system design. However, it can be shown rather simply 
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A B 
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Fic. 4. The three types of “isotropic cross’’ seen in the conoscope field. Column A shows 
the centered cross seen when the polarizer is set NS and the analyzer EW. When the 
polarizer is turned to the position DD, the cross breaks up into the form shown in column 
B. The circular object within the field in rows II and III is the image of the upper face of 
the substage condenser. 


that the twice reflected light from the objective which appears at a given 
point in the interference field can have been reflected at an angle of inci- 
dence at most equal to the angle, in glass, corresponding to the distance 
of the given point from the center of the field. At the edge of the field this 
angle is about 30°, much less than the polarizing angle (56° for ~=1.50), 
so that a distribution of vectors roughly similar to that shown inside the 
solid circle in Fig. 5 may be expected for the cross of the third kind. This 
conclusion is in agreement with the behavior of the cross upon rotation of 
the polarizer. Thus, if the analyzer transmits in the direction AA in Fig. 
5, a dark curve would be expected to follow the heavy dotted line shown. 
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Fic. 5. Direction of D after one reflection of plane polarized light. The directions are 
shown as short arrows stereographically projected into the plane of the drawing from their 
actual position in space. The incident light is polarized in such a way that before reflection 
all the arrows would have been NS. Radial distance is angle of incidence plotted stereo- 
graphically. The diagram is qualitative only. The solid inner circle corresponds to the 
polarizing angle. 


The cross of the second kind behaves in a way appropriate to the outer 
portion of Fig. 5. I do not know the exact reason for this, but it appears 
that the light must have been reflected several times.* 

A more exact analysis of the crosses of the second and third kinds would 
be interesting, but it is unnecessary for a discussion of interference figures, 
which are observed in the strong direct beam of light from the light 
source, to which the discussion leading to Fig. 3 applies. It is reasonable 
to assume that the weak light responsible for the crosses of the second 
and third kinds, which are always superposed on the interference field of 
the direct light, will have a negligible effect on the appearance of the inter- 
ference figure. This is evident in observing the behavior of the isotropic 
cross of the first kind, which blots out the other two crosses. 


5. Location of the isogyres 


The isogyres are regions in the interference figure where the light inten- 


* The path differences exhibited by the cross of the second kind are doubtless due to 
strain birefringence caused by internal stresses in the lenses of the substage condenser. 
In all internally stressed lenses that I have examined, the birefringence has radially-slow 
character, as observed in the cross of the second kind. All Leitz microscopes that I have 
examined show the presence of these internal stresses. The new Zeiss research and student 


models, however, have stress-free substage condensers, and the cross of the second kind 
in these microscopes shows no path differences. 
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Fic. 6. Diagrams to illustrate the factors that determine isogyre position. 
6a, orthographic projection; 6b, stereographic projection. 


sity transmitted by the analyzer is locally a minimum. We therefore 
ask, for a given point P in the interference field (Fig. 6a), what orientation 
of the allowed directions of D for the corresponding wave normal in the 
crystal will minimize the light intensity from P transmitted by the 
analyzer? The allowed directions are shown as a small cross in the stereo- 
graphic projection of Fig. 6b. Note that a stereographic projection of the 
cross 1s equivalent to rotating the cross from the reference sphere into the 
horizontal plane by Becke’s construction, that is, about a horizontal axis 
perpendicular to OP at P. 

Figures 7a and 76 are magnifications of a small region about nand P in 
Fig. 6b and 6a. The vector D of the plane polarized light wave that enters 
the base of the crystal plate is resolved into two components D, and Dy. 
The birefringence is assumed small enough that D; and D; can be con- 
sidered to lie in the same plane, so that D, and Dy, are perpendicular. The 
dashed axes lie NS and EW. If there were no “rotation” of the D vector 
in passing from the polarizer to the crystal plate via the condensing sys- 
tem, D would lie along NS. Instead, it has been rotated an amount 6; to- 
ward On. & defines the orientation of the allowed directions of D. At the 
top of the crystal plate the resolved waves 1 and 2 can be written 

Dy’ = D cos (E + bi:)e"™! 
D,! = D sin (~ + 6:)e 2! (3) 


where a phase shift ® between the two waves is produced in traversing 
the crystal plate. 

Next the effect of rotation in the remainder of the optical system must 
be accounted for. We suppose that & is small enough that the rotations 
of the plane polarized waves D,’ and D,' are the same as for waves with 
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Fic. 7. Enlargements of portions of Fig. 6. 7a represents the region around n in Fig. 60. 
7b shows the D vectors in the light that reaches the analyzer from the point P in Fig. 6a. 


£=(). The condition for this is &<wy, which we will verify @ posteriori to 
be satisfied, because when y~45°, E~1° at most. It will develop later that 
the amount of rotation for D; varies as sin 2, and is therefore equal for 
y and 7/2—y, so that D;’ and Dy’ are rotated by equal amounts 62, both 
toward the incident plane On, as shown in Fig. 7b. It can be shown that 
if 62 is small the two waves are attenuated by nearly the same factor C 
owing to the energy carried away by the reflected light, so that we can 
write for the amplitudes D,’’ and D,"" of the waves that arrive at the 
analyzer: 

IDR = (Cray, IDs” == (Cred (4) 


where C is a constant factor independent of £, « and x, are functions of 
W and 6. and can be shown to be 
Ki =1—dé:tany+-:-.-, ke = 1—d.coty+-:-- 


to the first order in 69. Note that «=, for ~=7/4. The first order terms 
é, tan y and 6) cot y remain small for any value of y, because of (10), below. 
The amplitude of the wave transmitted by the analyzer (set EW) is 


Da = — D,'’ sin (€ — 52) + Do" cos (E + 82). (5) 


The intensity J of the light seen at P is obtained by combining (3), (4), 
and (5): 
pa 


Cr, CD = ko? sin? (E + 61) cos? (E + 62) + m?cos? (E + 61) sin? (E — 62) 


2 


— 2xikz sin (£ -+ 63) cos (E + 8) sin (E — 62) cos (E+ 82) cos ® (6) 
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where J, is the intensity of light entering the crystal plate at the bot- 
tom. 

In keeping with the assumption that £, 6, and 6) are smail angles (all 
less than about 5° in the field of the conoscope), (6) may be expanded to 
lowest order in powers of these quantities to obtain 

If : 
Gay, = 28? + bP + 8x? + 2E(51 — 42) — 2[E + 152 + E(1 — 82) ] cos. (7) 
To find the condition that P lie on an isogyre, we minimize (7) with 
respect to &: 


es (or 52) (1 — cos &) = 0. (8) 


® applies, of course, to a given wavelength of light. Cos ® is equal to 1 
only for certain select wavelengths, so that the term 1—cos ® does not 
in general vanish for white light (for monochromatic light it locates the 
dark fringes). Thus the isogyre passes through points in the interference 
field where 


E = 3(62 — Oi). (9) 


This shows that the effects of rotation in the condenser and objective 
tend to cancel in determining the position of the isogyre. The protago- 
nists in the Becke-Wright controversy had assumed in effect that = dy, 
evidently a serious error if 6; and 6) are of roughly the same size. The 
“correct” construction envisaged by Wright (1923) would have required 
~ to be about 6° (about one half 6;;, in Table 1), whereas, as we shall see 
below, & is almost certainly less than 1° in practice. 

Note that the condition (9) for location of the isogyre is based on two 
important assumptions: (1) the birefringence of the crystal plate is small; 
(2) the variation of C with position in the interference field is not large 
enough to be significant. 

To assess the size of £, consider first the application of (2) to the rota- 
tion produced in the microscope. If the angles of rotation are small, 
yy, so that we may write for the rotation 6 produced in one reflection 


tan (YW — 6) = cos Aé tan y 


which when expanded for 6 small gives 


Ad 
5 = sin 2y sin? ahs (10) 
TABLE 1 
Series I II Ill Average 
5lyp ede IDES bib Ai ewig 
61 6.1 les Heil 6.9 
oe) 5.0 4.0 4.8 


dp 
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For the complete rotation in the microscope 
Ad; 
6; +62 = sin 2y » sin? 5 (11) 


where AQ; is the change of direction of the ray at the 7’th refracting sur- 
face. 

The applicability of (10) can be tested in the following way. A clean 
glass slide of known index of refraction is placed on the stage, and the 
angle of rotation for light in the interference field is measured by rotat- 
ing the polarizer. In view of (10), the maximum rotation, 6 max, occurs 
at wy=45°. 6 max. is easily measured, because it requires setting the 
polarizer so that the center of the dark hyperbolic shadow in Fig. 4 (IB) 
is just tangent to the edge of the interference field. Call the rotation 
measured in this way 674». The glass slide is then removed and the rota- 
tion 6, due to the lens system alone is measured. The difference 674, — 46, 
is the rotation produced by the plate. Since there are two refractions of 
amount Aé in passing through the plate, and since the rotation is meas- 
ured at y=45°, (10) predicts 


Aé 
itp =o = Op = 2 sin? oa (12) 


where 


sin 0» 


Ad = | 6; — 6,| = Om — sin (13) 
n 


6 is the half-aperture (in air) of the conoscope, and is a constant for a 
given objective lens; m is the index of the glass plate. 

The results of three series of measurements are shown in Table 1. The 
objective used is a Leitz achromatic, No. 7 (N.A. 0.85). The glass plate 
has 2=1.516, measured by the immersion method. Each measured 6 
value given in the table is the average of four or five individual measure- 
ments. The scatter of the results indicates the inaccuracy of such meas- 
urements. The inaccuracy arises from the diffuseness of the hyperbolic 
shadow. There seems also to be a personal bias in judging when the cen- 
ter of the shadow is set at the edge of the field, and this bias varies un- 
predictably from one series of measurements to another. Nevertheless, 
there is a general consistency in the results, and the average, 6,=4.8°, 
agrees exactly with the value calculated from (12) and (13) with the 
assumption @,,=57.6°, which is the value derived from isogyre measure- 
ments (section 7), for the particular objective used. The exact agree- 
ment is, of course, fortuitous, but verifies the correctness of (12). 

Wright (1923, p. 802) gave a more elaborate series of measurements of 
the same kind, although he did not explain exactly what he measured, 
and he described the results rather vaguely as “positions of extinction of 
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different points in the interference field.”’ He did not compare his results 
with the predictions of a theory of the effect. The position ee BS 
§m=57.6° at which I have measured 6, corresponds to small circle co- 
ordinates V = 36.6°, E=36.6°, as used by Wright; interpolating in his 
table (1923, p. 802), I find that he measured 6;=6.8°, which is remark- 
ably close to the average in Table 1. 

To estimate € note that the effects of rotation due to equal refraction 
angles A@; above and below the crystal plate under examination cancel, 
so that rotation produced by refraction at the surfaces of the crystal 
plate does not affect &, nor does the rotation produced by the glass slide 
and cover glass, if the two have the same index nm. Moreover, since the 
front surface of the front objective lens element is plane, as is also the 
upper surface of the upper lens of the condenser, the effects of rotation 
at these two surfaces also cancel if the two lenses have the same index. 
If this index is about 1.5, the contribution of these surfaces to 6; is close 
to 6,. If there is a difference between 6; and 62, its maximum value is evi- 
dently 


SS a ey oy oy ae 


Hence £ is certainly no larger than about 1°, and very likely it is smaller, 
because it seems obvious that all of the remaining rotation is not pro- 
duced solely in the objective or solely in the condenser. In section 8 
it will be shown that & can be measured by means of interference figures, 
and the conclusion that € is less than 1° verified experimentally. 

In the theory that follows (except in section 8) I shall assume that 
£=0. When a given lens combination produces a significant value of &, 
the resulting effect on the position of the isogyres can be obtained by an 
obvious extension of the theory developed. For any point in the inter- 
ference field 


1 1 ny A i nAtNo ; 
ts (62 — 6) = os sin 2} — a sin? — + ae sin? a : (14) 


t=n)+1 
To the first approximation we can write 
Ab; = Ki8 (15) 


where @ is the inclination in the crystal plate of the wave normal cor- 
responding to a point P in the interference field with coordinates (9, y). 
K; is a constant for the i’th refracting surface. There are m refracting 
surfaces in the condenser and 2» in the objective. To the same approxi- 
mation to which (15) is valid, sin?A0,;/2=(A0,/2)? so that (12) becomes 


ny my tn, 
sin2y | L Ke + De eke a 


nytt 
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The distribution of € values in the interference field is therefore, to the 


first approximation in 6, 
2 


0 
E(0, y) = Em sin ATE (16) 


é,, is the maximum value of &, the quantity estimated above. 

Based on the assumption that £ is 0, the isogyre theory I shall apply 
is contained in the following principle. At each point P in the interference 
field, imagine a cross to be drawn in the orientation given by a stereo- 
graphic projection of the allowed directions of D drawn as a small cross 
on the reference sphere at the point corresponding to P. An isogyre 
passes through those points at which the crosses are aligned parallel to 
the NS and EW crosshairs of the microscope. 

Note that Becke’s construction would have given the same method of 
finding the position of the isogyres, if he had applied it in this way, in- 
stead of relying on the skiodrome theory. However, the assumption 
behind Becke’s construction would not lead to the correct method. It is a 
case where an incorrect assumption and an incorrect construction lead 
to the correct conclusion. 


6. Uniaxial flash figures 


It is worthwhile to make a detailed application of the principle stated 
in the last section to the uniaxial flash figure, because for this figure the 
predictions of the theory can be compared precisely with the predictions 
of the skiodrome theory. 

In applying the principle, it is easier and more direct to work with the 
reference sphere than to carry out the stereographic projection spe- 
cifically. Fig. 8a is an orthographic view of the reference sphere, showing 
a point P defined by coordinates ¢ and p=sin 6, where @ is the inclina- 
tion in the crystal plate of the wave normal n corresponding to P. PD; 
and PD» are drawn parallel to the arms of the stereographically projected 
D;, D» cross corresponding to P. Fig. 86 is a stereographic projection of 
the same sphere. For a uniaxial crystal with optic axis emerging at A, 
the allowed directions of D at n are parallel and perpendicular, at n, to 
the great circle An. In stereographic projection the angle y, on the 
sphere, between On (prolonged) and nA is preserved, because the 
stereographic projection is angle-true and the great circle On projects 
as a line with the same azimuth ¢. Thus in Fig. 8a the angle y between 


PD, and OP (prolonged) can readily be calculated from spherical tri- 
angle OnA in Fig. 80: 


Wii T ; 
cos 8 cos (= - 6) = — sin (= — 6) cot (tm — y). (17) 
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Fic. 8. Diagrams for analysis of the uniaxial flash figure. 8a represents the interference 
field (orthographic projection), and 8d is a stereographic projection of the interference 
hemisphere. 


Now a given isogyre is traced out by all points P having a given inclina- 
tion uw of the stereographically projected axes D,, D2 to the axes «’, y’: 


Gian Fase oh aad (18) 


Combining (17) and (18) we have for the equations of the isogyres 
tan (¢ — vw) = cos 6 tan @ (19) 


where p is constant for a given isogyre. 

(19) is written in coordinates (6, ¢) measured with respect to axes 
x’, y’ fixed in the crystal plate. If, as in most microscopes, the plate is 
rotated and the nicols remain fixed, it is more appropriate to describe the 
isogyres in terms of coordinates (0, Y) defined by the NS and EW cross 
hairs, which, for an isogyre passing through P, must be the x, y axes of 
Fig. 8a, so that 


Y=o-—up (20) 
and the isogyre equation is 
t 
tan a) = (21) 
cos 6 


wis the angle through which the crystal has been rotated from extinction. 

To translate (21) into an equation describing the isogyre seen in the 
flash figure, it is necessary to introduce a relation between 6 and radial 
distance p’ from the center of the figure. If Mallard’s law is valid, p’ is 
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Fic. 9 (left). Form of the isogyre (heavy curve) in the uniaxial flash figure. The diagram 
is an orthographic projection of the entire interference hemisphere, of which only the inner 
part is visible in the conoscope. p is exaggerated in the drawing. 

Fic. 10 (right). Diagram for calculating the position of meridianal isogyres from the skio- 
drome theory for the uniaxial flash figure. The meridianal skiodrome passing through P is 
shown. 


proportional to sin @ and hence to p in Fig. 8a, the proportionality con- 
stant depending, of course, on the microscope objective and the index of 
refraction of the crystal plate. I shall write the isogyre equations in terms 
of 6 or p, realizing that these can always be converted to radial distance 
p’ in the interference figure when needed. 

The main features of an isogyre defined by equation (21) are plotted 
approximately in Fig. 9, which is an orthographic projection similar to 
Fig. 8a. The isogyre has a roughly hyperbolic shape. It passes through 
the optic axis at x’=1 and through the cross hair axis y at the edge of the 
sphere. The curve is mirror symmetric about the line Y=y,=7/4—p/2. 
Its closest approach to the center is along this line, and the derivative 
dp/dy vanishes at the point of closest approach. dp/dy is zero where the 
curve meets the edge of the sphere, but this affects only a small portion 
of the curve, as shown in Fig. 9. These features can be verified from equa- 
tion (21). 

Consider the shape of the isogyre near the center of the field for small 
angles of rotation w. (21) can then be expanded: 


(tan y + psec? y)(1 — $9?) = tany 
or 
p? sin 2W = 4u. (22) 


(22) is the equation of a rectangular hyperbola, as can be verified by sub- 
stituting 
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x =psiny, 


= pcosy. 


As a quantitative test of eqn. (21), I shall use the angle u, required to 
bring the isogyre out to the edge of the interference field, defined by some 
angle @, and corresponding distance p,. The isogyre actually disappears 
from the field along the line Y=7/4—yu/2, but since yw, is about 5° in 
practice this differs little from ~=72/4. The distance p, of the isogyre 
along y=7/4 is obtained by substituting this value in (21). After some 
simple reduction it is found to be given exactly by 

DO wee, (23) 


ie 2Po™ 


Note that (22) agrees with (23) in the limiting case in which p, and p, 
are small. The difference between 0, calculated from (23) and 6,’ meas- 
ured along Y=7/4—y/2 can be shown from (21) to be 0.05°, which is 
imperceptible. The change in » required to move the isogyre from the 
position where it touches the edge of the field along y=7/4 to the posi- 
tion where it touches along Y=7/4—w/2 is 0.014°. 

For comparison with (21), (22), and (23), the corresponding results 
for the meridianal isogyre given by the skiodrome theory will now be 
derived. The orthographically projected sphere is taken to have radius 
1, as before. The meridianal skiodroms are ellipses, as shown in Fig. 10. 
a is a parameter defining the particular ellipse that passes through P. 
We have 


12 ee, ss 
a’? + A 1 
ay a 
tan =— = — a’? = a’ tang 
Pu dx! y’ 
Now put 
x =psing 
y =pcos¢ 
Then 
p? cos? 
p? sin? @¢ + ——— tan ¢ = 1 
n 
or 
p? sin 26 
tan wp = 


2(1 — p?sin?¢) 
To write the result in cross hair coordinates, substitute (20) to get 


_p? sin 20) + u) 


(24) 
2(1 — p? sin? (W + y)) 


tan yp = 
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(24) is the skiodrome equivalent of (21). Near the center of the field, 
where p is small, and » must be small for the isogyre to be visible, (24) 
reduces to 

2u = p* sin 2y, (25) 


a rectangular hyperbola that is to be compared with (22). The meridianal 

isogyre reaches a given point in the interference field only after a rotation 

u twice as great as the isogyre described by (22). Thus even at the cen- 

ter of the field the predictions of the two theories differ by a factor of 2. 
For y=a/4—w (24) reduces to 


2 tan uw = ———: (26) 


(26) is also very nearly true for y=7/4, so that it is the skiodrome equiv- 
alent of (23). 

A test between the two theories can best be made on the basis of (23) 
and (26). Note that (24) predicts a slightly larger value of uw, than does 
(26), so that it accentuates the difference between the values of yu, given 
by (23) and (26). 

The results of a series of measurements of u, for flash figures in oriented 
mineral sections is given in Table 2. Each value reported is the mean 
of about 30 measurements for a given point in a given thin section. The 
“limit of error’ values do not represent estimated standard errors of the 


TABLE 2. SUMMARY OF FLASH FIGURE MEASUREMENTS 
CoNoscoPE OF HAtr APERTURE 6,,2¢55° 


Mineral n Mo values 
Quartz 1255) 4.4+0.6,5.0+0.6,4.8+0.6 (av.) 4.7 
Beryl 1.56 3.7£0.3,4.6£0.6,4.0+0.7,3.8+0.3,5.7+0.8,4.9+0.7, 
AN OaeVG, a ae (iy) 44.0 
Apatite 1.64 4.3+0.4,3.5+0.4,4.441.1,4.3+0.8 (av.) 4.1 
Tourmaline 1.64 Aes Waly hcdlae yy th Soar lai A Ge, il (ayn) A 


mean, but rather the maximum scatter of », values obtained in each set 
of about 30 measurements. The means scatter more than one would have 
estimated from the scatter of the individual measurements, probably 
because of subjective effects of the kind mentioned in section 5, and also 
because of an effect discussed in section 8. 

The measurements are made in the following way. Only nearly cen- 
tered figures are measured. The azimuthal setting of the stage required 
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to place the isogyre at the edge of the field in each quadrant of the field 
is then measured five or six times, for rotation from a given extinction 
position. Finally several measurements are made of the azimuthal setting 
that produces the centered cross. The yu, values are obtained afterwards, 
by difference. This procedure tends to eliminate advanced bias as to 
how the values should turn out. The final y, value, obtained by averag- 
ing the values from each equadrant, tends to eliminate the effects of 
slight misorientation of the section. 

In making the measurements, the object is to set the center of the 
isogyre at the edge of the field. This is made difficult and somewhat un- 
certain by the fact that when set properly, only one edge of the isogyre 
can be seen. It is necessary to swing the stage back and forth through 
the correct position in order to make sure where the center of the iso- 
gyre is. The flash figure isogyre is rather diffuse, so that the settings can- 
not be made very accurately. It might be preferable to make the set- 
tings for a p, value within the field of the conoscope, as could be done 
with an ocular provided with a circular reference hair. Such an ocular 
was not available, but in addition I considered it desirable to make the 
measurements at the largest possible value of p,, for which the py, values 
predicted by (23) and (26) differ most. 

Before beginning the measurements, I estimated from standard Bua 
slides that the conoscope used (see section 5) has a half-aperture in air, 
which I will call 6,,, of about 55°. For a mineral with index 7=1.56, the 
interference sphere can therefore be seen out to 6,= 31.9°, and for m= 1.64, 
6,=30.0°. Equations (23) and’ (26) then predict the wu, values shown in 
able3. 


TABLE 3. COMPARISON OF CALCULATED AND OBSERVED po 
VALUES FOR FLASH FIGURES. 0m =55° 


n Mo (23) Mo (26) Mobs (av.) 
1.56 4.6° Ont: ae 


1.64 4.1° Soll” A iien 4e 2 


The observed values are the averages from Table 2 for each of the four 
minerals. It is clear that (23) accounts for the observed values and (26) 
does not. To obtain agreement between (26) and the observed values it 
would be necessary to assume 6,,=37.8°, whereas the isogyres in 45° 
position in a centered Byxa figure of muscovite, with H=39°, are well 
within the field of the conoscope. 

The measurements of Bxa and Bxo figures, given in the next section, 
suggest that the correct value of 0, for the conoscope used is about 
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57.6°, slightly larger than the value used in Table 3. The numerical aper- 
ture 0.85 of the objective, stated by the manufacturer, corresponds to 
6, =58.2°. This value gives calculated y, values somewhat larger than 
those listed in Table 3 (e.g., uo(23)=5.1° for 7=1.55). Students who 
have made flash figure measurements for me generally find somewhat 
higher pops values also, for lenses of the same rated N.A. as the one I used. 

At first I was cautious not to rely on the accuracy of the conoscopic 
angles and numerical apertures stated by lens manufacturers, but the 
close agreement between yu, values actually measured and y, values cal- 
culated from the theory by assuming the correctness of the rated numer- 
ical apertures shows that this caution is unnecessary. Several examples 
of the agreement will be seen in sections 7 and 8. For any lens for which 
the numerical aperture in alr, 


N.A. = Nair sin m = sin Om = Pmy 
is accurately known, isogyre calculations can be readily made by taking 


Pm 
Poe 
nun 


where w is the index of refraction of the crystal plate. 


7. Acute and Obluse Bisectrix Figures 


The analysis of Bxa and Bwo figures can be carried out by the methods 
used in the last section, with the help of Fig. 11. Angles a;, a, and y can 
be introduced as shown, and the inclination uw calculated from the law of 
Biot and Fresnel. I shall not write down the details of the derivation, 
but simply state the result, converted to cross-hair coordinates 6 and y, 
as defined by (20): 

cot 2¥ sin 2(y + p) cos 6 + sin? (W + w)(2 — sin? 6) = 1+ sin? @ cot? V. (27) 
The result is cumbersome, but can be simplified in two ways. If we sup- 
pose that @ is small enough that to a sufficiently good approximation 

cos 6 = 1 — 3p? 
then one can show, after some calculation, that (27) reduces to the simple 
form 
Cie pry ee 
peer sin 2u = Tee sin 2y, ; (28) 

where 


pi = sin V 


and, as before, 


p = sin @. 
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@ b 


Fic. 11. Diagrams for analysis of centered Bxa and Bvo figures. In 116 the optic axes 
project to the points A and A’. 11a represents the interference field (orthographic projec- 
tion), and 110 is a stereographic projection of the interference hemisphere. 


(28) describes a curve that approaches the shape of a rectangular 
hyperbola for small p. Its closest approach to the center is along the 
line P=7/4. 

A second simplification is to evaluate (27) for y=7/4. It then reduces 
exactly to 


3 sin DY by a (29) 
Note that (28) yields (29) when y=7/4, and that (29) reduces to (23) 
when p;=1 (uniaxial flash figure). Since the exact shape of the isogyre, 
as given by (27), is not important in practice, I will make use only of 
(29) in applications of the theory. 

The relationship between (28) and (29) makes possible a fairly simple 
evaluation of the deviation of (27) from (28). The two curves evidently 
intersect at p=p., Y=7/4. The slope d6/dy at this point is found to be 

do 2 cos 2p 

dv cos 6,(1 + sin 2u. + 2 cot? V) 
The slope is greatest for the uniaxial flash figure (for which it is 0.036), 
and decreases steadily as V decreases and y, increases, becoming zero for 
Uo = 45° (V=8,). This conclusion seems to violate what is observed in 
practice, that for figures with », about 15° or greater, the slope d0/dy of 
the isogyre at Y=7/4 appears to become noticeable. However, I think 
the apparent slope is exaggerated by the rapid fanning out of the iso- 


(apie pao) 
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gyre near the optic axes, which are near the edge of the field in such fig- 
ures. 
Because of the importance of p?/1— 4p” in (28) and (29), the function 
is plotted againt 6 in Fig. 12. In Fig. 13 are shown curves giving fl, as a 
function of V, from (29), for various values of the mean index n of the 


tip) is 


Fic. 12. The functions f(p) =p2/1—4p? and f(p) =2/1—2p? plotted against @. 
p 


crystal plate. The conoscope half aperture 6,, is assumed to be 57.6° in 
the calculation of these curves. Each curve corresponds to a given value 
of 6,, as shown in Table 4, so that the curves can be adapted to cono- 
scopes of different aperture by using the relation (Snell’s Law) 


HSI Oo) — "Sin! Oye (30) 


Equation (29) and the curves of Fig. 13 provide a means of measuring 


TABLE 4. PARAMETERS FOR THE CURVES IN Fic. 13 


Curve ii 2 3 4 5 
Ao 33mg 31.9° 30.8° SBA Domse 
po"/1—sp 0 Sil 326 302 DSi 261 


nN 1688) 1.60 1.65 eo) 1.76 
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Key to measured values 


Miailoon ex 
160 0 
165 
170 0 
75 @ 


Ftc. 13. Comparison of theoretical curves of wo as a function of V with measured wu 
values from oriented thin sections. Conoscope is assumed to have half aperture 6,,=57.6° 
(N.A. 0.845) for the theoretical curves, which are calculated for crystal plate indices of re- 
fraction varying from 1.55 to 1.70 in intervals of 0.05. The curve for 7=1.65 is drawn with 
a heavy line, and is to be compared with dashed curve (1), given by the theory of Michel- 
Lévy for the same index and aperture, and with curves (2) and (3), from the skiodrome 
theory. The plotted points are identified by number in Table 5, and by index in the key 


on the figure. 


V in Bxa and Bxo figures, and in particular a means of distinguishing 
between Bxa and Bvo figures. The method was first proposed by Michel- 
Lévy (1888) but his theoretical treatment of the method was not satis- 
factory. Curve 1 (dashed) in Fig. 13 shows the angles u, given by his 
theory for 7=1.65. 0,=57.6°. The curve is calculated from the isogyre 
equation 

p” sin 2W = p,? sin 2u (31) 


by putting Y=7/4, p=po, U= bo. 
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A derivation of (31) can be found in Wright’s paper (1905, p. 288) or in 
Johannsen’s text (1918, p. 441). 

Curves 2 and 3 are derived from the isogyres of the skiodrome theory. 
The calculation of skiodrome isogyre shapes is cumbersome, but simphi- 
fies for Y=7/4 to the relationships 
Don 
= sin 2Quo[1 _ 15,2(1 — tan po) | 
2 


(32a) 


Po 

~ ‘gin Des ee ep A(cot enon 

(32a) gives curve 2, which corresponds to the meridianal isogyre for 
V>45°, while (326) gives curve 3 (Fig. 13). 

To test the various theories, I have measured angles uw, for a number of 
Bxo figures, and Bxa figures of large 2V, obtained from oriented thin 
sections. The points are plotted in Fig. 13. The measurements were made 
in the way described in section 6 for uniaxial flash figures. Values of V 
are averages of data given by Winchell (1951) and Tréger (1956). I have 
avoided minerals for which a wide range of V is reported. Note that the 
points in Fig. 13 are identified by index m and by a reference number, 
which refers to the summary in Table 5. Rough “‘limit of error” brackets 
have been added to those points in Fig. 13 for which the uncertainty in 
measured yu, values or in V values quoted in the literature is important. 

The measurements confirm the applicability of (29). Best overall agree- 
ment with the calculated curves is obtained by taking 6,,=57.6°. Points 
14-17 were omitted in the comparison. 

The averages of the uw, values given by curves 2 and 3 in Fig. 13, for 
given values of V, reproduce rather closely the u, values calculated from 
(29). In this sense the skiodrome theory is ‘“‘on the average’’ correct, 
which can be understood from the way the D,, D, cross behaves when 
orthographically projected. Nevertheless, the skiodrome theory itself 
has no means of predicting what sort of averaging of the u, values should 
give the correct result, and the use of (32) and (33), with averaging, is, 
of course, more cumbersome than direct application of (29). 

In Fig. 14 are given curves of u, against V calculated from (29) for 
values of 2 ranging from 1.45 (curve 1) to 1.80 (curve 8). The curves 1 to 
8 are for an objective of N.A. 0.85, and the curves a to h for N.A. 0.65, 
these being the numerical apertures of standard objectives used in cono- 
scopic work. The larger aperture is clearly advantageous. For example, 
the reliability with which a figure can be distinguished as Bxa or Bxo 
increases with the (magnitude of) the slope of the u, vs. V curve at 
V=45°. 

It is advisable before using the curves of Fig. 14 to check the N.A. of 
the objective used. This can conveniently be done, and the applicability 


(32b) 
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TaBLE 5. MraAsureD Data PLorrep IN Fic. 13. Limit or ERROR IS (RouGHLY) EstIMATED 
STANDARD DEVIATION OF MEAN. OBJECTIVE OF N.A. 0.85 (Leitz No. i) 


Point 
Ref. Mineral Sec: n fo (measured) V (lit.) 
No. 
1 Topaz Bua 1.63 33 Zit 13 S) =O8 
2  Kyanite Bxa il 14.3+1.4 41.7 
3. Andalusite Bxa 1.64 16.4+0.1 41.5-42.5 
4 Staurolite Bxa 1S 1273: OF9 42 -45 
5 Andalusite Bxo 1.64 Sits Ot 41.5-42.5 
6  Andalusite Bxo 1.64 11.9+0.3 41.5-42.5 
7 (F—) Topaz Bxo 1.63 7.4+0.4 30-33 
8  Sillimanite Bxo 1.67 OaGae)as) 12.5-15 
9  Barite Bxo 1.64 5.4+0.5 18.7 
10 Quartz flash 1555 4.7+0.2 0 
11 ‘Beryl flash 1.56 4.6+0.2 0 
12 Apatite flash 1.64 Aleta Oh?) 0 
13. Tourmaline flash 1.64 4.2+0.2 0 
14 —Barite o.n. 1.64 4.3+0.4 18.7 
15 Topaz o.n. 1.63 S202 30 -33 
16 Augite o.n. 1.70 SA eS 29.5 
17. Topaz o.n. 1.63 i (aes 7/ 30-33 
18  Tremolite Bxa 1.61 16.4+1.0 42? —44 
(poorly centered) 
19 Augite Bxo 1.69 SB 2ae0)s 7 29.5 


of the theory also tested, by measuring yw, for Bxa and Bxo figures of 
andalusite (V =42° and 48°), plotting the measured points on Fig. 14, 
and checking that they fall at places appropriate to m= 1.64. If the ob- 
jective has numerical aperture (p,) other than 0.85 or 0.65, the curves of 
Fig. 14 can be adapted to it by assigning new values of m by the relation 
(30). The p, values for the curves of Fig. 14 are given in Table 6. If p, 
for an objective is unknown, it can be determined by reversing the above 
procedure, or also, of course, by using a stage apertometer. 


8. The effect of non-zero & 


Although £ (section 5) is small, so that the isogyre equations for 
£=0 give a good representation of observed interference figures, an 
actual non-zero value of £ has a small but definite effect on the yu, values 
measured. It can be seen from Fig. 11, or from diagrams of the kind 
shown in Fig. 19, that if ~, is measured by rotating the crystal plate 
from the extinction position where the optic plane is NS, then a positive 
value of £, as defined in eqn. (9) and Fig. 7a, tends to reduce the meas- 
ured yu, value from the value predicted for &=0. Call the yu, value meas- 
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ured in this way py, and call the value measured about the extinction 
position with the optic plane EW uy. If — is positive, then py is less 
than y,, the value expected for €=0, but wy is greater than w,. A detailed 
analysis of this situation would be required if € were large. Instead, since 


Ss Pea 
BIRD agR >? 


OADVOa 


a 
b 
c 
d 
e 
f 

g 
h 


Fic. 14. Theoretical curves of uo against V for conoscopes of N.A. 0.85 (numbered 
curves) and NA. 0.65 (lettered curves). The curves are calculated for crystals of mean 
index of refraction ranging from 1.45 to 1.80 at intervals of 0.05, as indicated. 


€ is small, then if u, regarded as a function of w for constant 6=6, in 
eqn. (27), varies much less rapidly than yw itself, as is true for the Bra 
and Bxo figures considered above, we may write (to first order in Em) 
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TABLE 6. Data FOR CurVES OF FIGURE 14 


N.A. Curve n A Po = re 
1—p0? 

0.85 1 AL iS) O5n97 0.586 0.415 
2 (50 34.5 . 566 .382 

3 1595 S58) 548 354 

4 1.60 SJ Osi .328 

5 1.65 SO Sus 306 

6 1.70 30.0 500 285 

Uf as 29.1 486 267 

8 1.80 28.2 472 251 

0.65 a 45 26.6 448 BUS 
b 1.50 Path 433 207 

C SS 24.8 419 193 

d 1.60 24.0 406 .180 

e€ 1205) IRS) .394 . 168 

ii 1.70 YAS) .382 .158 

g ib 7S) 21.8 soul 148 

h 1.80 DA Pd 361 .139 

= ng es 
KV Mo Sm (33a) 


MH = Bo + Em 


where &, is the value of — at Y=7/4, 6=06, (eqn. (16)). 
Thus for a given figure uw, and &, can be determined by measuring py 
MH: 
Bo = 2(uv + wx) (33) 
= 3(un — ua) (33¢) 


To test the above conclusions, I have made a careful series of measure- 
ments on three figures: andalusite Bxa, andalusite Bxo, and quartz 
flash, for which the data are given in Table 7. The figures were measured 
with a Zeiss model GFL668-666 petrographic microscope, using objective 
“Pol 50/0.85” of N.A. 0.85. The scatter in &, values calculated from 
(33c) is probably mainly random, though £, may be affected by the 
slides themselves, if slide and cover glass have different indices. Evi- 
dently £, is about—0.7° for the lens combination used. The measured 
u, values, obtained from (330), agree excellently with the values calcu- 
lated from the theory (eqn. (29)) by assuming p,,=0.85 and assuming 
V =42° for andalusite. I consider the data of Table 7 to be the most de- 
finitive test of the theory, because the measurements reported in Tables 
2 and 5 were made before I was aware of the proper way to take a non- 
zero £ into account, and they were made with an inferior microscope. 


é 
sm 
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TaBLE 7. INTERFERENCE FIGURE MEASUREMENTS WITH ZEISS MODEL GFL668-666, 
OBJECTIVE “Pol 50/0.85,”’ oF N.A. 0.85 


Extinc- Optic Isogyre | Andalusite Bxa Andalusite Bxo Quartz Flash 
tion plane in 
setting set quadrant by BH RV BH LV BH 
1 NS 1 16.3 = = 5.6 a 
2 Se 7 = 11.0 == 6.7 = 
3 18.0 = Wo 0 = 5.0 — 
4 i557 = 14.7 = 6.8 = 
2 EW 1 — 15e2 = 9.8 = 3.8 
2 — 14.3 — il.) — 4.9 
3 — 16.0 — 11.9 = 4.8 
4 — 16.1 — 11.6 — 4.4 
3 NS 1 18.5 aaa ight! == ell — 
2 16.3 = 14.0 = Se === 
3 15.9 a= 14.0 = 5.4 = 
4 16.3 = 10.8 = 6.3 aa 
4 EW 1 = Ie — WA 6 AL = 4.9 
2, — 16.9 = i 5© = 4.2 
3 = 15.27 — 10.2 — Sei 
4 = 13.4 == 10.5 — 4.7 
Average py and pr 16.6 15.4 12.9 Hila 5.8 4.4 
En from (33¢) —0.6 —0.9 —0.7 
wo from (330) 16.0 12.0 Sail! 
Ho from (29) Opa 12.0 yi 


The important conclusion to be drawn is that in measuring Bxa and 
Bxo figures, the effect of a small non-zero é is eliminated by averaging 


Ly and MH. 
9. Optic Normal Figures 


Equations of the optic normal isogyres can be obtained with the help 
of Fig. 15. The rather unwieldy result is 


2 cot 2 cos @ sin 2(y — uw) — (2 — sin? 6) cos 2(W — w) + sin? 6 cos 2V = 0 (34) 
(34) simplifies for PY=7/4 to 


60" 
2 sin 2u9 = aes COs 2V 
1 — 2P0 é 


or 
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———— sin 240 = ———— - (35) 
aL 2 


Note that when p:=0 (uniaxial flash figure), (35) reduces to G2): 

In Fig. 13 (35) is plotted as a continuation of the u, vs. V curves, with a 
new origin for the V coordinate. The angle y, for a “neutral” figure with 
2V =90° is 0, meaning that the cross does not break up into hyperbolae 
as the crystal is rotated from extinction. 


y 


| qd b 


| Fic. 15. Diagrams for analysis of optic normal figures. i5a represents the interference 
field (orthographic projection), and 150 is a stereographic projection of the interference 
hemisphere. 


Most of the measured y, values for optic normal figures lie above the 
curves of Fig. 13. The figures are difficult to measure with any accuracy 
because the isogyres are so diffuse, and it therefore seems that a detailed 
comparison with the other theories is not of much value over this range. 
Michel-Lévy’s equation cannot logically be extended to optic normal 
figures. I have bothered to analyze the skiodrome theory only for V = 45°, 
where it predicts two points at an equal distance above and below the 
Ho =0 axis, corresponding to the continuation of curves 2 and 3 of Fig. 

13. The predicted value of uw, is given exactly by 


tan bo aes 


= 36) 
1—tan?p, 4(1 — 3p.7) 


Since yu, is small, the value given by (36) is just half the value predicted 
by the skiodrome theory for uniaxial flash figures, eqn. (26). It is plotted 
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as a point in Fig. 13, and curve 2 is connected across schematically from 
V=0 to V=45°. 


10. Optic Axis Figures 


Asa last application of the theory, it is interesting to compare its pre- 
dictions with those of Wright (1905, 1907) for optic axis figures. In the 
1905 paper Wright gave a series of curves showing the appearance of the 


Fic. 16. Orthographic projection of the interference hemisphere for the optic axis 
figure. The optic axis is at A, and the heavy line shows the position of the isogyre in the 
45° setting. The second optic axis is shown schematically at A’, as envisaged in Wright’s 
derivation of the isogyre equation. 


optic axis isogyres in the 45° position. The curves were computed from 
the equation 


xy + gu(y — x) = 0 (37) 


where x, y are coordinates (in the interference field) of points on the 
isogyre and 2 is the x-coordinate of the second optic axis, which may or 
may not be in the interference field, as shown in Fig. 16 (note that 
*;=%1). (37) is derived by applying a planar analog of the law of Biot 
and Fresnel to the plane of Fig. 16, and is thus the optic axis figure ana- 
log of Michel-Lévy’s equation, (31). To be consistent, one would assume 
that the points («, y) and (1, y:) represent an orthographic projection 
of the interference sphere. However, Wright assumed the projection to 
be gnomonic in calculating his isogyre curves. The only justification for 
such an assumption, as far as I can see, is that it gives the correct type of 


isogyre (a straight line) for 2V=90°, which an orthographic projection 
would not. 
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In his 1907 paper, Wright superseded the earlier curves with a new 
set, apparently determined from the skiodrome theory. Nevertheless, the 
older curves have found their way into optical mineralogy texts and the 
newer ones not, perhaps because the newer curves do not look much like 
the isogyres actually seen in interference figures. 

The present theory may be applied by using Fig. 17. Written in co- 


qd b 


Fic. 17. Diagrams for analysis of optic axis figures. 17a represents the interference 
field (orthographic projection), and 176 is a stereographic projection of the interference 
hemisphere. 


ordinates (6, y) measured with respect to the cross-hair axes x, y, the 
isogyre equation is 
sin 6 cot 2V + cos 6 sin (YW — uw) — cot 2y cos (WY — p) = 0. (38) 


For the isogyre in the 45° position, put u=7/4 in (38); the isogyre then 
has the form shown by the solid curve in Fig. 16. A good test of Wright’s 
curves (1905, p. 291) is to compare the angle y (Fig. 16) at the periphery 
of the field (which Wright chose as #,=30°) with the corresponding val- 
ues calculated from (38). 

Since n=7/2—y, (38) becomes 


sin 0 
tan2V = (39) 


aneos (T— 2) — cos osin (T— 9) 
Bh == = Saba) | 
cot noos (7 n cos mn n 


from which values of V can be calculated for a series of 7 values, at a 
given value of 6. A curve for 0=30° is plotted in Fig. 18. Note that, toa 
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Fic. 18. Curve showing 27 (30°) as a function of 2V, from equation (39). For comparison 
are plotted values measured from Wright’s isogyre curves (1905, Figs. 3 and 4). 


good approximation, nV, a fact that may be convenient to remember. 
Plotted also in Fig. 18 are points measured from Wright’s (1905) Fig. 3 
and Fig. 4. The agreement is remarkably close, certainly well within the 
accuracy needed for practical work. 

This unexpected agreement has an interesting explanation. If we sup- 
pose the interference sphere to be orthographically projected, so that 

x =psiny, y = pcosy, 
a + yy? = p?, p = sin 8, 
then (38) becomes, in cartestian coordinates, and with p=7/4: 
(a? — y?)(a + y) — 2x/2p2xy cot 2V — 2/1 — pXx — yay = 0 (40) 


(40) is to be compared with Wright’s equation, (37). 
In case p is small enough that we can write 


VIL = pee ih — Sy 
then (40) reduces to 
(a — y)(1 + xy) — 24/2 xy cot 2V = 0. (41) 


This is of the same form as (37), except for the factor (1+ay). The fac- 
tor is always near 1 for points in the conoscope field, where xy has a 
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maximum value of 1/4. Hence (41) is approximated by 


tan 2V 
ay + ye (Pa) = 0) (42) 
which is a rectangular hyperbola passing through the origin. 
Now if (37) were a plot in gnomonic projection, with the plane of pro- 
jection tangent to the unit sphere about the projection point, presum- 
ably this would mean taking 


: tan 2V 
a1 = pisiny = er 
and this substitution makes (37) and (42) identical. This is the reason 
for the close agreement between Wright’s curves and the predictions of 
(39). It seems remarkable that the gnomonic projection of a sphere that 
should be orthographically projected, combined with the planar analog 
of a law that applies to the surface of a sphere, should yield a result so 
nearly correct. It seems unlikely that there is anything specially suitable 
about the gnomonic projection, because the substitution pj=tan V in 
Michel-Levy’s equation, (31), does not yield the correct result, (28). 


11. Summary and Conclusion 


The most useful result obtained with the present theory is a relation 
from which 2V can be measured in centered Bva figures of large 2V, and 
in centered Bxo figures. One measures the angle of stage rotation , re- 
quired to disperse the isogyres from a centered cross (extinction) to the 
edge of the interference field of radius 


sin Bre Pm 
Po = sin @ = ——— = — 
n n 
where @,, is the half-aperture of the conoscope in air and v is the average 
index of refraction of the mineral examined. p,, is the numerical aper- 
ture of the objective lens. yu, is then related to p,;=sin V by 


2 Cie 
7 = sin 2 bo 
1 — aPo- a 5p1” 


Po 


which is plotted in Fig. 14 for N.A. 0.85 and 0.65, and various values of 
n. Experimental verification of this relation is considered a verification 
of the theory here used. The relation does not depend on the validity of 
Mallard’s law. It provides in particular a means for distinguishing be- 
tween Bxa and Bxo figures. 

An important practical feature of the theory is that, although the 
effect on isogyre position of the much-debated “rotation” of the polari- 
zation plane in the conoscope is small but definite, it can be entirely 
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eliminated from the measurements simply by averaging the mw, values 
obtained by turning from the two extinction positions (optic plane NS 
or EW). 

An application of the theory to the optic axis figure shows that the 
45° isogyre curves derived by Wright (1905) are very nearly correct, 
quite good enough for practical work. This seems remarkable, in view 
of the peculiar assumptions made in Wright’s derivation of the curves. 

The skiodrome theory gives incorrect isogyres, significantly incorrect 
even near the center of the field. Stereographic projection of the refer- 


Vic. 19. “Extinction direction nets” for uniaxial flash figure (@) and 
optic normal figure with 2V =90° (0). 


ence sphere would give a much better representation of the isogyre pat- 
tern. If the stereographic projection is carried out by the relation 


p’ = 1.945 tan 0/2 
the radial distance p’ will differ little from the radial distance 
p = sin 0 


for orthogonal projection of the interference sphere, within the field of 
practical conoscopes (8 <30°). The outer portion of the stereographically 
projected pattern would be enlarged, but this part is never seen anyway. 

The main advantage of the skiodrome is that the projected isotaques 
are easily calculated, at least when projected on the principal planes, 
where they are ellipses or hyperbolae. The same advantage probably 
will not accure to the stereographically projected curves. In principal it 
is possible to calculate the two orthogonal setsof curves of a net which 
would correctly represent the isogyres in the orthogonally projected in- 
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terference sphere, according to the theory here developed. However, for 
quantitative purposes the direct approach used in this paper is more use- 
ful, and for qualitative purposes, as in teaching, a diagram can be drawn 
from qualitative considerations that shows all the features that are im- 
portant, without the need of resorting to exact calculation of the net. 
Thus Fig. 19a represents the “extinction direction net”’ for the uniaxial 
flash figure—it rather resembles a stereographic projection of the refer- 
ence sphere—and Fig. 19d represents the net for an optic normal figure 
of 2V 90°. 
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SASSOLITE FROM THE KRAMER BORATE DISTRICT, 
CALIFORNIA* 


Grorce L. Smita AND Hy Atmonp,{ U.S. Geological Survey, Menlo 
Park California, AND Dwicur L. Sawyer, Trona, Califorma 


ABSTRACT 


Sassolite (HsBOs), previously unreported from the Kramer Borate District, California, 
was found near the base of the borate-bearing shales underlying the ore body. Probertite, 
ulexite, colemanite, borax, and kernite, all found within the borate body, produce alkaline 
borate solutions (pH values of 8.3 to 9.2) when dissolved in water. Thus the presence of 
sassolite, which forms in an acidic environment, is distinctly anomalous. 

Sodium, borate, and sulfate form the major portions of the water-soluble materials in 
the sassolite-bearing rocks; calcium and iron form Jesser concentrations. Efflorescences of 
copiapite, mirabilite, sassolite, ulexite, borax and a little calcite and halite confirm the 
presence of their constituents in the wall rocks. The phase relationships between NazSO:- 
Na»B,O7-H;BO;-H2O thus approximate the limiting conditions under which the sassolite 
probably formed. It is concluded that after lithification, sulfuric acid was formed by oxida- 
tion of iron sulfides by groundwater; this reacted with earlier formed borates to form acidic 


borate solutions, and from these sassolite was deposited at some temperature below 
about 35°. 


The optical properties and x-ray patterns of sassolite and copiapite are given; an analy- 
sis of the copiapite shows it to contain iron, sulfate, and minor copper and phosphate. 


INTRODUCTION 


Sassolite, not previously reported from the Kramer Borate District, 
was found by two of the writers in the mine of the California Borate 
Company. Sassolite is normally the product of an acidic environment. In 
rocks characterized by borates that form strongly alkaline solutions, the 
presence of this acidic mineral is striking. The purpose of this paper is to 
describe the occurrence and properties of the mineral and to speculate 
briefly on its origin. 

Sassolite has been reported previously in California from efflorescences 
around Siegler Springs in Lake County and Tuscan Springs in Tehama 
County (Bailey, 1902), from The Geysers, Sonoma Co. (R. L. Smith, 
this issue, page 1204), and from Death Valley (Allen and Kramer, 1957). 
It has also been found in spring deposits at Steamboat Springs, Nevada, 
and Yellowstone National Park (R. L. Smith, this issue). Several 
Italian, and Tibetan localities, some of which have been worked com- 
mercially for sassolite, are noted by Palache, Berman, and Frondel 
(1944). 


GEOLOGY 
Kramer Borate District 


The Kramer ore body, located in southern California (Fig. 1), is the 


* Publication authorized by the Director, U. S. Geological Survey. 
} Present address: 3642 West 135th St., Hawthorne, Los Angeles County, California. 
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Fic. 1. Index map showing the location of the Kramer Borate District and the No. 3 
Shaft of the California Borate Company. Geology and outline of the borate bodies after 
Gale (1946). 


largest known deposit of sodium borates in the world. As described by 
Gale (1946), the sodium borate ore body, consisting chiefly of borax and 
kernite, occurs as a lenticular bed up to 250 feet thick which hes at depths 
varying from 300 to 1000 feet below the surface of the alluvial basin. The 
ore is surrounded by shales containing smaller percentages of calcium and 
sodium-calcium borates. The northern two-thirds of the borate body is 
underlain by basalt; the southern one-third is underlain by arkosic sand- 
stone and conglomerate. Sandstone and conglomerate overlie the borate 
body at all places. 

The matrix rock of the Kramer ore body is chiefly shale or clay, some of 
which appears to be beidellite (Schaller, 1930). Chemical analyses of the 
clay indicate an unusual concentration of lithium (Anon., 1956). Some 
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beds of clay have notable concentrations of carbonaceous material.* 
Quartz, feldspar, and mica form the bulk of the coarser detritus; some 
beds contain fine-grained pyroclastics. 

Schaller (1930) and Gale (1946) report the following borate minerals: 
borax and kernite form the bulk of the ore minerals; in the shale sur- 
rounding the ore body, probertite, ulexite, colemanite, and howlite are 
found. Lesserite and inderite have been described (Frondel, Morgan, and 
Waugh, 1956; Frondel and Morgan, 1956). Searlesite is locally abundant 
(R. C. Erd, written communication). The non-borate minerals listed by 
Schaller and Gale are pyrite(?), stibnite, realgar, chert, and calcite (or 
aragonite). Gerstleyite was described by Frondel and Morgan (1956). 
Unidentified iron sulfides and beds of analcime crystal sand are also 
found (R. C. Erd, written communication). 


Sassolite locality 


The chief sassolite locality occurs in the part of the D-level of the Cali- 
fornia Borate Company mine (the “Western Borax mine” of Gale’s 
(1946) report) shown in Fig. 2a. This part of the mine is about 25 feet 
from the southernmost edge of the ore body, and stratigraphically in the 
northeast-dipping rocks underlying the ore. Traveling toward the north 
in this drift is equivalent to passing up through the section which under- 
lies the ore. Figure 2b shows the approximate extent of the borate min- 
erals. The solid lines indicate the ranges of the largest mineral concentra- 
trations, the dashed lines indicate the range of visible but smaller con- 
centrations. 

The largest concentrations of sassolite are in units 6 and 8 where the 
mineral is concentrated in rocks underlain by a trough of fault gouge. It 
is closely associated with probertite, searlesite, analcime, and a little 
gypsum. Here, the sassolite abundance increases back into the wall for a 
depth of at least six inches. Sassolite is also found in small amounts north 
and south of the main exposures in units 6 and 8, and throughout the rest 
of the mine where the rocks underlying the ore are penetrated.t 

Sassolite very possibly existed prior to the opening of the mine. The 
chief mineral localities are along a mine drift that was enlarged several 
feet within the last few years. Other occurrences, along the underlying 
E-level, were noted only a few days after the workings were developed. 
Although the rocks throughout the mine are brecciated, there is no evi- 


* A partial analysis (by H. Almond) of one such bed, at the base of unit 3 shown in 
figure 2b, shows the following percentages: P»0;=0.06, inorganic CO:=1.3, organic C 
=8.9, total S as SO,=0.66, As=0.008, Ge=0.005. 

} Sassolite was subsequently found as an efflorescence at the exposed contact of shale 
and basalt in the Pacific Coast Borax Company mine during a visit by one of the writers. 
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Fic. 2a. Geologic map of a portion of the D-level of the California Borate Company 
mine, Kramer Borate District, California. Stratigraphic unit numbers refer to those shown 


in Fig. 2b. Mapped October, 1956. 
Fic. 2b. Stratigraphic units exposed in the portion of the mine shown in Fig. 2a north 


of Mine Survey Station 1; also shown are the approximate stratigraphic ranges of the 
borate minerals present, the solid and dashed lines indicating major and minor amounts 
respectively. The lithologic symbols for sandstone, siltstone, and shale are those commonly 


used. 


dence at most sassolite localities, or in thin sections, for the introduction 
of solutions since the workings were made. 

The probertite probably formed later than the host rock (Schaller, 
1930, p. 139) which consists of clastics, searlesite, analcime, and iron sul- 
fides. The sassolite, in turn, was formed later than the probertite as it 
forms coatings on the surfaces of the probertite clusters. Consequently, 
these sassolite crystals, if also formed at depth, are unique. All other 
known deposits of sassolite were formed at or near the surface. 

In moist parts of the mine, especially the upper part of unit 1 and unit 
2, efflorescences occur on the mine walls and along cracks and joints 
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within the rocks. The mineralogy of these is significant because they con- 
sist of the water-soluble materials in the wall rocks, and some of them are 
not detectable in the dry parts of the mine. The following efflorescent 
minerals have been found: mirabilite, copiapite, sassolite, ulexite, borax, 
and a little calcite and halite (R. C. Erd, written communication). The 
exact relationships between these minerals has not been determined, but 
apparently the first three tend to coexist to the exclusion of the others. 
The presence of copiapite and mirabilite shows that water-soluble sulfates 
exist within the rocks, although a little gypsum is the only sulfate mineral 
detected in the dry parts of the mine. 


MINERAL DESCRIPTIONS 
Sassolite 


The sassolite crystals occur most abundantly as small flexible flakes 
which fill numerous fractures within the shale beds. Most of the crystals 
are 0.5 mm. or less in diameter, but some are as large as 5 mm. Several 
are about 5 microns thick. In the most abundant patches, sassolite flakes 
appear to cover as much as 75 percent of the hand specimen area; more 
commonly, however, they form only enough of the surface area to fur- 
nish a pearly “sparkle.” In thin section, the mineral is seen to form the 
entire filling of lenticular veins that cut through the host rock. Individual 
veins range in size up to 0.3 mm. thick and 20 mm. long and commonly 
taper gradually to a featheredge. 

Individually, the crystals are very thin colorless wafers, commonly 
with several edges conforming to a pseudohexagonal pattern. In re- 
flected light, many flakes show interference colors (‘“Newton’s rings’’), 
mostly red or green. There is generally no preferred orientation of the 
individual crystals in hand specimen or thin section. The crystals show a 
fair to good pseudohexagonal parting. 

Crystals lying on the basal plate or cleavage are nearly isotropic, 6 and 
a being nearly identical. The indices of refraction, determined in sodium 
light, are y’=1.454+0.003, a=1.33740.005. The a index was measured 
in a mixture of acetone and water saturated with H;BOs, the mixture 
having a known refractive index. The apparent optic angle (—2E) is 
very small and slightly variable. Dispersion is not apparent. Some crys- 
tals are faintly zoned(?) parallel to the pseudohexagonal faces. Polysyn- 
thetic twinning is found in most crystals; the twin law was not deter- 
mined. An x-ray pattern of one sample gave the results shown in Table 1. 


Copiapite and mirabilite 


Neither copiapite nor mirabilite has been previously reported from the 
Kramer Borate District. Both occur as efflorescences and, for this reason, 


Taste 1. X-ray PowpER Dara ror Boric Acip (C.P.), 
SASSOLITE, AND COPIAPITE 


Fe/Mn radiation \=1.9373 A 


Sassolite? Copiapite?® 
Boric acid! (C.P.) = 
(Kramer Borate District) (Kramer Borate District) 


dA I dA I dA I 
6.06 il Onl 2 10.49 10 
5.90 ca 5.9 1 8.90 <1? 
4.80 Kil ABS <1 8.01 1 
4.602 Zi 4.60 Kil 7.18 il 
4.21 1 A Dif <1 6.87 6 
4.06 a4 4.05 Zil 6.40 1 
3.51 1 3.52 D 5.96 2 
3.19 10 3.19 10 5.47 1 
3.03 <1 3.04 <1 5.32? 1 
2.96 Bil 2.97 1 Sue D 
2.92 cal 2.92 1 4.92 2 
2.84 <1 2.85 1 4.80 1 
D1 =a 2.73 Kil 4.58 D 
2.65 1 2.65 2 4.39 1 
2.56 <1 DSi 1 4.15 3 
2.50 <1 2.50 1 3.87 <1 
2.30 <1 DS = 3.75 1 
2.25 <1 R07 Zil 3.66 B 
DOS Lil 2.23 1 3.59 <1 
O17 Zi D7 <1 Br As 4 
2.10 <1 2.10 1 3.24 1 
2.07 zal 2.07 <1 3.16 1 
2.04 Kil 2.05 Kil 3.06 4 
ae 1.992 Zil 3.01 i) 
1.695 a 1.697 Ki BIS) 1 
1.674 Zil 1.674 Zil 2.82 1 
1.648 Zi 1.654 Zi DW 4 
= 1.636 <1 2.64 1 
1.593 1 1.598 1 DSi 2 
Dae <a 

2.47 2 

DA 3 

29 1 

D8 22) 

2.09 1 

2.05 2 

1.992 2 

1.923 2 

desis 1 

LS 1 

1.786 3 

1.762 al 

1.662 ( 

1.621 <1 

1.600 1 

1.580 2 

1.510 2 

1.466 “1 

1.452 At 

1.225 <1 

1.144 <1 


1 Sample ground for 14 hours, scanned on diffractometer at rate of 1°/min., over the 


ange 5° to 80°. ; 
oe Sample picked and ground slightly, mounted on glass fiber. Lines from glass have been 


omitted. 
3 Sample crushed but not ground. (On preyious attempts, sample was ground and the 


pattern consisted of lines at 4.11 A (10), 3.74.4 (6), 2.49 A (i), and a broad dark zone be- 
tween 8-12 A). 
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have only secondary importance in this paper. For the benefit of future 
workers, however, the habits and data for these minerals are given below. 

The best copiapite efflorescences form as yellow balls, 0.1 to 0.5 mm. 
across. The most dense blooms cover the surface of the rock. Microscopi- 
cally, the efflorescent material is a very fine-grained aggregate of crystals 
which have a faint yellow color. The optical properties are as follows 
(R. C. Erd, written communication) : 

a =12512 40,002 


Opt.(+) B=1.534+0.002 
y=1.57640.002 


The mineral is pleochroic with Y=colorless, Z=greenish yellow; 2V is 
about 70°. It is present as lath-shaped individuals flattened into ‘“‘books” 
along {010} and giving rise to radiating aggregates. Two distinct cleav- 
ages are visible. Extinction, parallel to one of them, gives an anomalous 
blue color. An x-ray pattern for this sample of copiapite is given in 
alsieg- 

An analysis of 10 mg. of the same sample gives the following (H. Al- 
mond, analyst): 


Fe =27.0 percent 
Cu = 0.5-0.6 percent 
IDO y= Wels percent 
SO. =46 percent 
H.O = 26 percent (by difference) 


Tests for Mg and Ca were negative. 

Mirabilite is found in small patches as a white “‘fuzz’’ where moisture 
has seeped through the mine walls. Individual fibers are commonly 5 to 
10 mm. long. When collected and brought to the surface, the fibers col- 
lapsed and the mineral rapidly altered to thenardite. 


ORIGIN OF SASSOLITE 


On the basis of the field relationships, we conclude that the sassolite 
formed by the reaction of ground water on the earlier-formed sodium and 
calcium borates, iron sufides, and their host rocks. To further test this 
conclusion, two additional lines of evidence are considered: 1) the phase 
relationships between the associated minerals, and 2) the composition of 
the water-soluble portion of the sassolite-bearing rocks. It is reasoned 
that analyses of the water-soluble extract from these rocks should report 
the same constituents that were present in the sassolite-forming solu- 
tions, although the relative amounts of the constituents may be differ- 
ent. This premise may be wrong for solutions that deposit many minerals, 
but with a very soluble material (sassolite) as one of the precipitates, only 
a small number of still more soluble compounds could have passed 
through the rock without leaving a trace. All equally or less soluble 
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TABLE 2. PARTIAL COMPOSITION OF WATER SOLUBLE EXTRACT. 
ANALYsIs BY H. ALMOND 


Sample 
Unit 8a Unit 8b Unit 6 Unit 2 
BO; 355 9.3 SEO 0.15 
(6) (16) (8) (0.3) 
SO, 2.4 DES BS 1.0 
(2) (2) (3) (1) 
Na 0.89 DSS D fh 0.24 
(4) (12) (10) (1) 
Ca 0.18 0.84 0.44 0.09 
(0.4) (2) (1) (0.2) 
Fe — nil nil 0.0025 
pH 8.5 ee 6.85 6.49 


Values are in weight percents; parenthetical values are moles X 10?. 
The sample numbers refer to those defined by Fig. 2b. 
Unit 8a was digested with cold water; all others were digested with boiling water. 
Qualitative tests on the solutions for chloride, carbonate, bicarbonate, phosphate, and 
nitrate were negative. 
All pH values are of a slurry of ground-up sample and distilled water allowed to stand 


for 1.5 hours. 


compounds will be represented in the analysis. Those only partly dis- 
solved by the excess-water extraction will tend to exceed their original 
relative concentrations. 

Table 2 shows the composition of the water-soluble portions of the 
sassolite-bearing rocks. Disregarding the calcium content, the system 
NaeSOu-Na2BsO7-H3BO3-H20O can be used to approximate the mineral and 
chemical environment found here. The relationships within this system 
are shown in Fig. 3. The pH values for these mixtures have been ob- 
served experimentally for the points bordering the sassolite field and are 
added to the diagrams. This figure shows three things of interest: 1) With 
increasing temperature, the sassolite field diminishes in size, and, if ex- 
trapolated linearly, ceases to exist above 35° C. 2) The stable associated 
sodium borate is NayB,oOi5: 10H2O, a form not known to occur naturally; 
this borate may exist in the vicinity of the sassolite deposists.* 3) All of 


* Since this manuscript was written, this mineral has been found and named sborgite. 
C. cipriani, Un nuovo minerale fra i produtti boriferi di Larderello: Ati accad. nazl. Lincet, 
Rend. classe sci. fis., mat. e nat. 22, 519-525, (1957). 
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Na, S04 * 101120 No2$04+ 10H20 


Noy By 07+ 10H, 0 Nop 8407: 10H20 


pH= 3.76 
a PL — Ee 
Naz Bg 07+ 10H20 H3B03 No2B407° 10H20 H3AO3 


20.5°C 28 Sec 


Fic. 3. The system NazSOy-Na2B,O7-H;BO3;-H20O at 20.5° C. and 28.5° C. The solid 
phases are borax (Na2ByO7: 10H2O), mirabilite (NaxSO;: 10H2O), sassolite (H:BO;), and 
the synthetic sodium pentaborate. Analytical data recalculated from Teeple (1929, system 
XXI), pH values by H. Almond. 


the solutions of this system which will precipitate sassolite are acidic. 

In this borate body, circulating water is normally alkaline. Table 3 
lists the pH values of solutions in contact with samples of the sodium, 
sodium-calcium, and calcium borates known to exist in the Kramer ore 
body. Solutions of kernite or tincalconite would resemble borax: howlite 
is not present in significant amounts. Sassolite cannot be deposited from 
solutions such as these. 

Consequently, the problem of the origin of the sassolite is one of finding 
a source of acidifying solutions. The presence of the sulfates, gypsum, 
copiapite, and mirabilite, indicate sulfuric acid solutions in particular, 


TABLE 3. THE pH OF SLURRIES OF CRUSHED BORATE MINERALS 
AND WATER 


pH 
Sample 
1 2 3 
ulexite 8.88 8.88 8.98 
probertite Sol! 8.41 8.69 
colemanite 8.94 8.93 9.10 
borax (0.1N) 9.2 


1. The pH after standing 1.5 hours at 19° C. 
2. The pH after standing 4.5 hours at 21.5° C. 
3. The pH after standing 7 hours at 60° C. 


The figure for borax is taken from the Handbook of Chemistry and Physics, 30th edi- 
tion; other pH values by H. Almond. 
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The most probable explanation is as follows: Neutral ground water 
penetrated the lower part of the borate section, oxidized the unidentified 
iron sulfides found throughout the section, and produced sulfuric acid; 
this, in turn, reacted with the pre-existing borates and formed sassolite. 

Reactions of sulfuric acid with the available borates might be as 
follows: 

(probertite) 

3H2S01+2CaNaB;O9- 5H20+14H20 = 


(gypsum) (mirabilite) (sassolite) 
2CaSO,- 2H20-+ Na2SO,: 10H20+10H3BO; 


4 (borax) (mirabilite) (sassolite) 
H2S0,4+ Na2Bi07- 10H2O+5H20 = NasSO,: 10H20+4H;BO; 


(colemanite) (gypsum) (sassolite) 
2H2SO.+ CaoBeOu : 5H20 +4H20 = CASO, 2H,0+6H;BO; 
Reactions with ulexite, tincalconite, or kernite would differ only in the 
balance of water molecules. If calcite, aragonite, or the easily leached 
constituents of biotite were added to the reactions, additional sulfates 
would appear in the products. As written, each reaction produces sasso- 
lite and sodium or calcium sulfate, with three or more moles of sassolite 
being produced for each mole of the sulfate. Some corroboration of these 
reactions is found in the analyses for units 6 and 8 listed in Table 2 which 
have a BO; to SO, mole ratio of the correct order of magnitude. Further- 
more, sassolite is abundant enough to be visible to the naked eye on the 
mine walls, whereas the coproducts, except for a little gypsum, are found 
only where they are concentrated as an efflorescence. 

One problem remains: the manner in which water permeated the shale 
and clay. At present, groundwater penetrates only to the base of unit 3, 
whereas sassolite, which resulted from the oxidizing reactions of such 
water, is present in traces throughout the entire section shown in Fig. 
2b. This excessive penetration may have resulted from greater hydro- 
static pressures while buried at greater depth, from penetration before 
the sediments had reached their ultimate compaction, or from some un- 
suspected mechanism. More detailed work on the entire mining district is 
needed to supply this answer. 
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DIFFERENTIAL THERMAL ANALYSIS OF PYRITE 
AND MARCASITE 


Otto C. Kopp anp Paut F. Kerr, Columbia University, New York, N.Y. 


ABSTRACT 


Pyrite and marcasite were investigated by differential thermal analysis using a modifi- 
cation of a technique described by Kopp and Kerr (1957). Distinctive curves were obtained 
for both species. The initial oxidation peak of pyrite occurs at about 538° C. for a 50 mg. 
sample (125-149 micron fraction). Under the same conditions the initial oxidation peak 
of marcasite is noted at about 460° C. The writers believe that the lower peak temperature 
reflects the relative instability of marcasite in contrast to pyrite. 

The thermal] reaction products at 1000° C. are hematite and sulfur dioxide for both 
pyrite and marcasite. During the analysis pyrrhotite and other iron oxides may form as 
intermediate products. These may include maghemite and magnetite. At the completion 
of the oxidation reactions an endothermic reaction marks the Curie point. 

Peak temperatures of both pyrite and marcasite are lowered by a decrease in grain size. 
The initial oxidation peak of marcasite merges with an adjacent higher peak for samples 
consisting of grains finer than 74 microns and only an inflection in the curve is noted. 

Peak areas increase with increase in sample weight ina relatively uniform manner and 
greater detail is obtained for samples weighing more than 30 milligrams. Minor reactions 
which occur with increasing sample weight may result from oxygen depletion of the sample 
atmosphere. The heat evolved from the same weight of several pyrite and marcasite sam- 
ples is found to be essentially the same. 


INTRODUCTION 


The differential thermal behavior of pyrite was briefly investigated dur- 
ing a preliminary study using a new apparatus designed for the analysis 
of minerals containing corrosive elements such as sulfur and arsenic 
(Kopp and Kerr, 1957). Subsequent work on sphalerite (Kopp and Kerr, 
1958) has emphasized the importance of controlled conditions. A similar 
detailed study of pyrite and marcasite was undertaken in an attempt to 
enlarge fundamental data through use of the differential thermal 
method. 

The chemical relationship of pyrite and marcasite has long been a 
subject of interest. Buerger (1934) states that, “The control of the pre- 
cipitation of pyrite and marcasite by chemical environment suggests that 
these two minerals are not a dimorphous pair in the usual sense of the 
term, but rather that they are chemically distinct compounds. A critical 
study of all available analyses indicates that pyrite corresponds very 
closely to ideal FeS:, but marcasite is definitely sulfur-low.” 

Hiller and Probsthain (1956), in their DTA investigations of the sul- 
fides in an inert atmosphere, studied a group of Cu-Fe-S minerals includ- 
ing pyrite and marcasite. They note a small exothermic reaction for 
marcasite at about 520° C. Debye-Scherrer powder diagrams of material 
heated to about 500° C. produced only marcasite lines, but at 630° C. 


1079 


1080 0. C. KOPP’ AND P. EF. KERR 


the material yielded a true pyrite pattern. The authors conclude that 
under the conditions of differential thermal analysis a monotropic inver- 
sion from marcasite to pyrite occurs, and the Buerger equation may hold 
only for the formal character of pyrite and marcasite. 


ACKNOWLEDGMENTS 


The authors are indebted to Dr. Martin J. Buerger of the Massachu- 
setts Institute of Technology and Dr. Edwin Roedder of the U. S. Geo- 
logical Survey for their helpful discussions of the pyrite-marcasite rela- 
tionship. 

PROCEDURE 


The method used is a modification of the technique previously de- 
scribed (Kopp and Kerr, 1957). Heating rate, grain size and sample 
weight were controlled within critical limits. The effect upon the peak 
parameters of sphalerite by changes in these factors has been noted 
(Kopp and Kerr, 1958). It was considered desirable in this study to de- 
termine whether heating rate, grain size and sample weight would in- 
fluence the DTA curves of pyrite and marcasite in a similar way. Here 
peak temperatures appear to decrease with grain size as noted for 
sphalerite. However, sphalerite produced only one peak which increased 
in intensity with sample weight, but pyrite and marcasite exhibit addi- 
tional peaks with increasing weight. 

Samples were screened and those portions in the size range 125-149 
microns were selected for analysis. Grain size ranges from >297 to <44 
microns were also tested to ascertain the effect of size upon peak param- 
eters. Sample weights of 50+1 and 10+1 mg. were used for analysis. 
Samples were mixed with alumina powder (250 microns) in glass vials and 
transferred directly to the sample well. The heating rate was kept at 12° 
to 13° C. per minute. No correction appeared necessary since all peaks 


were formed with this heating rate. All analyses were made at an ampli- 
fication of 20X. 


DIFFERENTIAL THERMAL BEHAVIOR OF PYRITE 


Pyrite from Bingham, Utah (sample K-1) was crushed, sieved and the 
resulting grain size distributions subjected to differential thermal analy- 
sis. The effect of grain size was studied by testing various size fractions 
using the same sample weight (5041 mg.). The effect of sample weight 
was observed for 5 to 50 mg. samples of the 125-149 micron fraction. 


The Effect of Grain Size 


Several grain size fractions between 149-297 microns and <44 microns 
were analyzed under standard conditions. The results (Table 1 and Fig. 
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1) indicate a general decrease in temperature with grain size for the 
several oxidation peaks. 

In general a decrease in peak temperature corresponds to a decrease 
in grain size, especially below 44 microns. With finer sizes certain peaks 
are not distinct, and only an inflection in the curve is observed. The final 
endothermic reaction at about 670° C. is small and may escape detection. 
This peak appears as two endothermic peaks for material finer than 44 
microns. The first is almost negligible compared to the larger peak at 
O73 ¥C 


TABLE 1. Errect oF GRAIN SIZE ON PEAK TEMPERATURE, 
Pyrite, BINGHAM, UTAH (SAMPLE K-1) 


Sieve Diameter 
No. Range Peak Temperatures (° C.+5° C.) 
Range (Microns) 


50-100 149-297 Gs) ssa 602 7 a == = 
100-120 125-149 G37 ors 600 TF = == a 


120-200 74-125 540 f 582 | 600 T = = = 
200-325 44— 74 (530T) 5801 605 T <= = 668 | 


325 <44 (512 7) 554 | -574 T 605 | 628 T 673 | 


540 7 Exothermic; 582 | Endothermic; 554 | 5747 Inflection; (5557) Estimated 
temperature for peak off record. 


Discussion 


The effect of grain size upon the shift in peak temperature is of interest. 
The temperature of the first exothermic peak decreases with grain size 
(see Table 1 and Fig. 1). This is because of the increased surface area 
available for oxidation as the grain size decreases. The intensity of the 
second exothermic peak ranges, and for material finer than 44 microns 
only an inflection between 553°-574° C. is observed. The intensity of the 
second peak indicates the amount of pyrite or other unoxidized material 
which remains after the initial supply of oxygen is depleted. 

The 44-74 micron fraction yields a small endothermic peak at about 
668° C. The thermal curve for the fraction finer than 44 microns shows 
an endothermic peak at about 673° C. several times as intense as that for 
the 44-74 micron fraction. Also, it is preceded by a minor endothermic 
peak. The cause of this peak at about 670° C. was investigated. It should 
be noted that before the reaction, at about 600° C., the material is 
magnetic, although outwardly appearing to be hematite. According to 
Mason (1943): 

“Confusion is especially marked with respect to the magnetic properties of a-Fe2Os. It 
has mostly been described as paramagnetic, the ferromagnetism reported by some workers 
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being put down to the presence of intermixed magnetite or other ferrites. However, other 
investigators have positively stated that a-FesO3 even when quite free from Fe;O, is ferro- 
magnetic; thus Chaudron and Forestier even determined the Curie point of a-Fe2O; and 
found that it was at 675°, considerably higher than that of magnetite (590°). This might 
be considered to settle the question, were it not for the recent experiments by Michel on 
y-Fe.0; stabilized by the addition of small amounts of sodium ferrite. He found that the 


PEAK TEMPERATURE (°C+5°C) Ms PEAK TEMPERATURE (°C.t5°C) 
nN 12) nN p 
ee ee eee ee 


ooo! 


149-297 


125-149 


Fic. 1. The effect of grain size on peak Fic. 2. The effect of sample weight on 
temperature. Pyrite (sample K-1), 50 milli- the peak parameters. Pyrite (sample K-1) 
gram samples. 125-149 microns. 


(extrapolated) Curie point for y-Fe2O; was exactly at 675°. The supposed ferromagnetic 
character of a-Fe2O; is thus very doubtful, since a small amount of y-Fe2O; in the material 
investigated by Chaudron and Forestier would suffice to explain their results very well 
without the necessity of ascribing ferromagnetic properties to a-Fe20s;.” 


Schmidt and Vermaas (1955) investigating the differential thermal 
properties of magnetite report, ‘“The temperature of 580° C. where the 
second reaction begins, remains absolutely constant for all samples 
examined and is preceded by a very small endothermic peak, the intensity 
of which is depressed by the second exothermic reaction. It is interesting 
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to note that the so-called Curie point, where the ferromagnetism of 
magnetite changes to paramagnetism occurs at 590° C.” 

It appears then that the Curie point may be recognized by differential 
thermal analysis. The endothermic peak determined for pyrite at about 
670° C. appears to be somewhat high compared to the Curie point of 
magnetite at 590° C. Maghemite (y-Fe20;) is also ferromagnetic, and as 
pointed out by Mason (1943), the extrapolated Curie point of y-Fe2Qs is 
about 675° C. 

Pyrite (sample K-1; less than 44 microns, 50 milligrams) was heated in 
air to 610° C. at which time the furnace was removed and the material 
allowed to cool in air. The resulting material was ferromagnetic. An «- 
ray powder diagram of this material contained lines which do not belong 
to hematite. At least one of these lines at 2.87 A may result from either 
magnetite or maghemite. This spacing is slightly low compared to the 
2.97 A line of magnetite or the 2.95 A line of maghemite. However, a 
similar pattern of marcasite at 620° C. has a less intense line at about 
2.99 A. The spacing and intensity of this line may vary during the oxida- 
tion process. A weak line at about 2.04 A corresponds closely with the 
strongest line of a-Fe (Swanson, ef al., 1955). 

The interplanar spacings and their intensities for pyrite heated to 
610° C. are listed in Table 2. 

The intensity of the endothermic reaction appears to increase with 
decreasing grain size. It is also apparent (Figs. 1 and 3) that the inten- 
sity of the corresponding peak for marcasite is much greater than that of 
pyrite, and this endothermic reaction is observed for all the grain size 
ranges of marcasite tested, whereas it is only observed for fractions finer 
than 74 microns for pyrite. The peak temperature of the endothermic 
peak appears to increase with decreasing grain size for both pyrite and 
marcasite. 

The following interpretation for the thermal reactions of pyrite vary- 
ing with grain size is based upon the differential thermal curves and x-ray 
study of the material. The peak temperature of the first oxidation reac- 
tion decreases with grain size as a result of the increased surface area 
available for oxidation. The second oxidation peak varies somewhat in 
intensity and reflects the amount of unoxidized material still present 
after the first peak. The second peak is inhibited until sufficient oxygen 
becomes available for oxidation to proceed. The endothermic reaction at 
about 670° C. represents the Curie point of the ferromagnetic material 
formed during the oxidation reaction. This is only apparent for the finer 
grain sizes. Since the finer grain sizes oxidize more rapidly and produce 
sulfur dioxide more rapidly, there is a greater possibility that incomplete 
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TaBLe 2. REACTION PRopucTS OF PyRITE (SAMPLE K-1) 
HEATED IN AiR TO 610° C. 


ce ene Hematite? Magnetite® Maghemite? 
d(A) I d(A) I d(A) I a(A) I 
= — — == — — 5.90 2 
= — —- — 4.86 30 4.82 5 
—_ = = = — -- 4.18 1 
3.66 20 3.68 70 _ _— Seto 5 
= = — — — —- 3.41 2 
D Sil 30 _- | _ 97 60 2.95 34 
aa = eh ZS = a = 2.78 19 
2.68 100 2.69 100. — — — -- 
Do) 80 Deisyil 80 530 100 22 100 
—- — -- _ 2.425 10 2.41 1 
— — — — — DY 6 
DL PRY) 30 2.20 70 = = = ae 
2.07 5) 2.07 10 2.097 DOM ee 0S 24 
2.04 10 — _- — == — = 
1.834 40 1.837 70 — —- ORS 
1.691 60 1.691 80 1.714 40 ihe 70) 12 
= — 1.634 10 a — — 
1.597 30 1.596 40 1.615 60 61 33 
== = == = — — 255 ORS 
as = = = = — oS 1 
1.483 40 1.484 70 1.484 70 PEAS 53 


! Copper radiation, Debye-Scherrer camera, 11.46 cm. diameter. 

2 Rooksby, H. P., (1951), X-ray Identification and Crystal Structure of Clay Minerals, 
G. W. Brindley, ed., Mineralogical Society, London, p. 264. 

3 [bid., p. 264. 


4 A.S.T.M. X-ray Powder Data File, Card No. 4-0755 (original reference unob- 
tainable). 


oxidation will occur. For material finer than 44 microns the larger peak 
is preceded by a smaller endothermic reaction. The peak at 670° C. may 
represent the Curie point of the maghemite present while the preceding 
peak that of magnetite or other partially oxidized iron present. 


The Effect of Sample Weight 


Samples of pyrite from Bingham, Utah (sample K-1) were analyzed to 
determine the effect of weight on the peak parameters (temperature and 
area). Since composite peaks result for samples weighing more than 30 
milligrams, peak heights and widths were not measured. However, the 
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peak areas were measured with a polar planimeter to the nearest 0.1 
inch. Peak temperatures and areas for pyrite weighing from 5 to 50 
milligrams were determined. These data are presented in Table 3 and 
illustrated in Fig. 2. For samples weighing less than 30 milligrams, only 
one peak (at about 540° C) appears in the thermal record. At about 30 
milligrams an inflection in the curve is first noted, and for samples weigh- 
ing 40 milligrams or more a second exothermic peak appears. 


TaBLe 3. Tue Errect or SAMPLE WEIGHT ON THE PEAK PARAMETERS, 
Pyrite, BINGHAM, UTAH (SAMPLE K-1) 


Sample Weight Peak Temperatures Total Area Under Peaks 
(+1 mg.) (GiGeess Cs) (In.?, Planimetric) 
5 544 T — — 0.5 
10 538 T = = le 
20 541 fT = — Dae 
30 541 T 563 | - 5737 Omi 
40 538 7 580 | 588 T 4.7 
50 (sip) 578 | 600 T Oro este 


5447 Exothermic; 580 | Endothermic; 563 | -573 7 Inflection; (537 7 ) Estimated 
temperature for peak off record. 


Discussion 


Earlier curves for the same material (Kopp and Kerr, 1957) also show 
two exothermic peaks for the oxidation reaction for a sample to inert 
filler ratio of about 1:15. At this time it was stated that the two peaks 
might result from two exothermic reactions, or that they might result 
from the effect of the reaction products which “will alter the reaction 
rate and peak temperatures, and may even introduce secondary reac- 
tions by surrounding the material with an atmosphere other than air.” 

Hiller and Probsthain (1956) working in an atmosphere of nitrogen, 
determined that under these conditions of differential thermal analysis, 
pyrite did not dissociate into FeS, but rather to pyrrhotite (Fe7Ss). To 
determine the nature of the second peak pyrite (sample K-1; 44-74 
microns, 50 mg.) was heated in air to 580° C. and then cooled rapidly in 
carbon dioxide. The resulting material was analyzed by «x-ray powder 
photography with the Debye-Scherrer camera. The results (Table 4) 
indicate that the major reaction product is hematite. 

The strongest line of pyrite at 1.6332 A appears to be absent, indicating 
that almost all of the pyrite has been oxidized. A small amount, sufficient 
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Taste 4. REACTION PRopucts OF PyRITE (SAMPLE K-1) 
HEATED TO 580° C. 


Pyrite at 580° C. 


Sample K-1! Hematite? Pyrite’ 
d(A) I d(A) I d(A) I 
3.70 40 3.68 70 — — 

— — -- — 3.128 36 
2.70 100 2.69 100 2.709 84 
Deon 80 Deol 80 == = 

— — — — 2.423 66 
2.20 30 2.20 70 2.2118 52 

= = 2.07 10 — — 

= aa = = 1.9155 40 
1.839 50 1.837 70 — — 
1.693 50 1.691 80 = — 

= = 1.634 10 1.6332 100 
1.598 20 1.596 40 = — 

= = = — 1.5640 14 

aa = = == 1.5025 20 
1.483 40 1.484 70 1.4479 24 


1 Copper radiation, Debye-Scherrer camera, 11.46 cm. diameter. 
2 Rooksby, H. P., (1951), X-ray Identification and Crystal Structure of Clay Miner- 
als, G. W. Brindley, ed., Mineralogical Society, London, p. 264. 


’ Swanson, H. E., Gilfrich, N. T. and Ugrinic, G. M. (1955), Standard X-ray Diffrac- 
tion Powder Patterns: NBS Circ. 539, v. V, p. 30. 


to produce the second exothermic peak might not be observed by the «- 
ray powder method. The strong pattern of hematite may mask the pres- 
ence of other iron compounds. For example, the two strongest lines of 
maghemite (y-Fe,O3) occur at 2.52A and 1.48 A (A.S.T.M. Card No. 
4-0755). Magnetite’s strong lines are 2.530 A and 1.484 A (Rooksby, 
1951). Pyrrhotite has its most intense line at 2.06 A (Harcourt, 1942). 
Minor amounts of any of these compounds might escape detection. Also, 
since several reactions may be taking place during the oxidation, some of 
the products may not attain sufficient size to reflect the x-ray beam. 
Based on the thermal pattern observed and a-ray study of the material 
obtained before the reaction has gone to completion, the following inter- 
pretation is given for the reaction: small amounts of pyrite when sub- 
jected to differential thermal analysis in air are oxidized essentially to 
hematite (this material is magnetic until heated to about 700° Ca) somall 
amounts of pyrite may remain, and the presence of other iron compounds 
may be masked by the large amount of hematite formed. Although Hiller 
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and Probsthain (1956) noted that pyrite was converted to pyrrhotite 
when heated in nitrogen, pyrrhotite was not detected in the x-ray study 
of the material heated in air. Apparently, the relatively large amount of 
sulfur dioxide formed by a sample of pyrite weighing more than 30 mg., 
impedes the reaction until sufficient oxygen becomes available for the re- 
action to continue. With the supply of additional oxygen the small 
amount of remaining pyrite (or possibly the small amount of pyrrhotite 
formed under non-oxidizing conditions) then oxidizes causing the second 
exothermic peak. This peak increases in intensity and peak temperature 
as the amount of sample increases. 


DIFFERENTIAL THERMAL BEHAVIOR OF MARCASITE 


Marcasite from Ottawa County, Oklahoma (sample K-11) was 
crushed and sieved. The resulting grain size distributions were analyzed 
to determine the effect of grain size and sample weight under standard 
conditions. 


The Effect of Grain Size 


Several grain size fractions from >297 microns to <44 microns were 
tested using a sample weight of 50+1 mg. The results (Table 5 and Fig. 
3) indicate a general decrease in temperature with grain size for the 
several oxidation peaks. 

A general decrease in peak temperature for the oxidation reactions is 
noted with decreasing grain size, especially below 44 microns. The first 
exothermic peak gradually coalesces with the second exothermic peak as 
the grain size decreases. The peak temperature of the final endothermic 
peak appears to increase with decreasing grain size. Also, this peak ap- 
pears to subdivide into a few smaller peaks besides the major peak as the 
grain size decreases. The intensity of the final endothermic peak from 
about 645°-692° C. appears to increase with decreasing grain size. 


Discussion 


The effect of grain size for 50+1 mg. samples of marcasite was deter- 
mined. The peak temperatures of the exothermic peaks decrease with 
grain size (see Table 5 and Fig. 3). The initial peak temperature decreases 
from about 462° C. for material larger than 297 microns to an inflection 
between 410-422° C. for material finer than 44 microns. The second exo- 
thermic peak decreases from about 562° C. for material larger than 297 
to about 475° C. for material finer than 44 microns. The major endo- 
thermic reaction increases in peak temperature from about 645° C. for 
material larger than 297 microns to 692° C. for material finer than 44 
microns. There is also a marked increase in intensity for this endothermic 
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TaBLe 5. Errect oF GRAIN SIZE ON PEAK TEMPERATURE, 
MarcasitE, OrrawA County, OKLAHOMA (SAMPLE K-11) 
een Diameter 
sieve Ne: > Range Peak Temperatures (° C.+5° C.) 
ange (Microns) 
<50 >297* | 462T 492] (5627) 645 | 
50-100 149-297 4567 4821 (550 1) 652 | 
100-120 125-149 4407 482] 5307 5641 57517 - 655 | 
120-200 74-125 4457 472) 5257 5561-565 T - 662 | 
200-325 44— 74 422 7 -4371 (495 7) = = 585s O2ON Oro) 
>325 <44 410 f —422] (47517) 548) 5657 5971 628T 692) 


* 38+1 mg. sample. 
462? Exothermic; 492 | Endothermic; 555-565 7 Inflection; (562 T) Estimated temperature for peak 


off record. 


peak as the grain size decreases. One or two additional minor endothermic 
peaks are observed for material finer than 125 microns. X-ray powder 
photographs of marcasite (sample K-11; 44-74 microns, 50 mg.) heated in 
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Fic. 3. The effect of grain size on peak 
temperature. Marcasite (sample K-11), 50 
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Fic. 4. The effect of sample weight on 
the peak parameters. Marcasite (sample K- 
11), 125-149 microns. 
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TaBLE 6. REACTION PRopuctTs OF MaRCASITE (SAMPLE K-11) 
HEATED TO 620° C. 


Marcasite at 620° C.} Hematite? Maghemite? Magnetite* 
d(A) I d(A) I d(A) a d(A) I 
a = == == 5.90 2 — — 
= = = == 4.82 5 4.86 30 
= = = = 4.18 1 — — 
3.65 30 3.68 70 3.73 5 — = 
aad == = = 3.41 2 = — 
2.99 10 — — 2.95 34 2.97 60 
= — 2.78 19 — — 

2.70 100 2.69 100 = — = = 
Dee) 80 Deo 80 Bas NO) 2.530 100 
— — — 2.41 1 2.425 10 

— — — — Da 6 = == 
AIX) 20 XY) 70 Dy DS: 0.5 = = 
— — 2.07 10 2.08 24 2.097 50 
1.836 30 SCO) 1.87 0.5 = = 


1 Copper radiation, Debye-Scherrer camera, 11.46 cm. diameter. 

2 Rooksby, H. P. (1951), X-ray Identification and Crystal Structure of Clay Minerals, 
G. W. Brindley, ed. Mineralogical Society, London, p. 264. 

3 A.S.T.M. X-ray Powder Data File, Card No. 4-0755 (original reference unobtain- 
able). 

4 Rooksby, op. cit., p. 264. 


air to 630° C. indicate that maghemite and magnetite may be present. 
These data are listed in Table 6. 

The interpretation for the variation in thermal reactions of marcasite 
with grain size is based upon the differential thermal curves and x-ray 
study of the material. The peak temperatures of the oxidation reactions 
decrease with grain size as a result of the increased surface area available 
for oxidation. The initial peak occurs at a lower temperature than for 
pyrite under the same test conditions (see Tables 1 and 5, and Figs. 1 and 
3). This is thought to reflect the relative instability of marcasite com- 
pared with pyrite. The second exothermic reaction occurs at about the 
same temperature as the initial pyrite reaction, and may indicate that a 
transformation to pyrite occurs at the surfaces of the unoxidized marca- 
site. This pyrite would be oxidized rapidly to hematite and the magnetic 
iron oxides. The endothermic reaction (Curie point) which occurs at 
about 650-690° C. increases in peak temperature with decreasing grain 
size. As the grain size decreases, oxidation will proceed more rapidly. This 
in turn produces sulfur dioxide more rapidly, allowing the reaction to 
proceed in a reducing—rather than an oxidizing—environment. Under 
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these conditions, maghemite or the partially oxidized iron compounds 
may form. 


Effect of Sample Weight 

The peak parameters for marcasite (sample K-11) were determined for 
samples weighing 10 to 50 mg. These data are presented in Table 7 and 
illustrated in Fig. 4. An initial exothermic peak at about 450° C. is ob- 
served for all samples. A second exothermic peak at about 535° C. also 
occurs, and for samples weighing more than 30 mg. two peaks are noted 
in a manner similar to pyrite. A final minor peak (endothermic) occurs at 
about 655° C. for samples weighing more than 30 mgs. 


TaBLe 7. THE Errect OF SAMPLE WEIGHT ON THE PEAK PARAMETERS, 
Marcasite, OrrawA County, OKLAHOMA (SAMPLE K-11) 


Total Area Un- 


Sample Weight Peak Temperatures der Peaks 
(+1 mg.) (CXC ae SES) (In.?, Planimetric) 
10 4457 520) 5407 = ila 
20 ASS ACP | SBI) PRE) 
30 4497 484] 5357 Smo 
40 ASD | = 482 eS 4a) Salo S2 1 mmOO ON On) 
50 4407 4821 5307 564) S757 655] 5.9 


4457 Exothermic; 520 | Endothermic; 452 7-482 | Inflection. 


Discussion 


The initial exothermic reaction of marcasite (125-149 microns) heated 
in air occurs at about 450° C. or about 90° C. below the corresponding 
initial exothermic reaction of pyrite. The intensity of this first peak in- 
creases slightly with increased sample weight, but not proportionally. 
The second exothermic peak occurs at about 535° C. and increases rapidly 
in intensity. For samples weighing more than 30 milligrams this peak be- 
comes two peaks as was observed for pyrite. The close correspondence of 
the second exothermic peak of marcasite at 535° C. with the first exo- 
thermic peak of pyrite at about 540° C. suggests that a transformation 
from marcasite to pyrite may have occurred. However, x-ray powder 
photographs of marcasite (sample K-11; 125-149 microns. 50 mg.) 
heated to 480° C. and cooled rapidly in carbon dioxide indicate that 
hematite is the major reaction product. Some marcasite remains, and the 
presence of pyrite at this stage is doubtful since the strongest line of 
pyrite at 1.6332 A is not present. The results are presented in Table 8. 

Hiller and Probsthain (1956) working in an inert atmosphere noted a 
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small flat exothermic peak for marcasite at a temperature of about 520° 
C. Above this temperature the thermal curve corresponds to that of py- 
rite. (They also state that the same inversion point has been found by 
ordinary thermal analysis to be 520-535° C.) X-ray photographs of 
material heated to 500° C. produced only marcasite lines, while a test of 
material heated to 630° C. yielded a true pyrite pattern. 


TaBLE 8. Reaction PRopucts OF MARCASITE (SAMPLE K-11) 
HEATED TO 480° C. 


Marcasite at 480° C.1 


Sample K-11 Hematite? Marcasite’ Pyrite* 
d(A) I d(A) I d(A) I d(A) I 
Salo 10 3.68 70 = = = = 
3.43 5 — — 3.44 60 _- = 
== = = = — — 3.1280 36 
2.96 5 — — 2.96 40 _ = 
DaiO 100 2.69 100 2.70 100 2.7088 84 
De Ss 60 Deol 80 Dias) 20 =~ = 
2.41 10 — 2.41 70 2.4281 66 
230) 10 — — Dill 70 = = 
2.20 10 DDD 70 — — 2.2118 52 
= = 2.07 10 2.10 20 = = 
— = — DADS 20 = == 
= = — = 1.94 40 = os 
1.908 10 = = 1.91 60 1.9155 40 
1.834 20 1.837 70 1.87 10 — — 
155 20 — = 1.76 90 = = 
_— — — — eri 30 = = 
1.691 20 1.691 80 1.69 50 — = 
_- —_ — —_ 1.67 40 = = 
= = 1.634 10 = = 16332 SOO 


1 Copper radiation, Debye-Scherrer camera, 11.46 cm. diameter. 

2 Rooksby, H. P. (1951), X-ray Identification and Crystal Structures of Clay Minerals, 
G. W. Brindley, ed., Mineralogical Society, London, p. 264. 

3 A.S.T.M. X-ray Powder Data File, Card No. 2-0908 (original references un- 


obtainable). 
4 Swanson, H. E., Gilfrich, N. T. and Ugrinic, G. M. (1955), Standard X-ray Diffrac- 


tion Powder Patterns: NBS Circ. 539, v. V, p. 30. 


A small endothermic reaction at about 655° C. occurs for samples 
weighing more than 30 mg. (125-149 microns). As in the case of pyrite 
this endothermic reaction is believed to represent the Curie point of the 
ferromagnetic material formed during the oxidation. 

Based on the thermal records produced and x-ray study of the material 


1092 O. C. KOPP AND P. F. KERR 


obtained before the reaction has gone to completion, the following inter- 
pretation is given for the reactions: marcasite, when heated in air starts 
to oxidize at a lower temperature than pyrite. At the completion of this 
first peak, hematite and marcasite appear to be the major components. 
Pyrite is not detected. The reaction may produce this initial peak either 
as a result of the early depletion of oxygen, or the initial peak may rep- 
resent the surficial oxidation of marcasite to hematite. As the temperature 
is raised the transformation of marcasite to pyrite may take place at the 
surfaces of the remaining marcasite, and this “nascent” pyrite is oxidized 
rapidly producing the second exothermic reaction. As the sample weight 
is increased a small endothermic peak is observed at about 655° C. which 
represents the Curie point of the ferromagnetic material formed during 
the oxidation. 


A COMPARISON OF SEVERAL PYRITES AND MARCASITES 


Four additional samples of pyrite and three of marcasite were analyzed 
to determine the variations in peak parameters for different samples. 
Samples weighing 10 and 50 mg. were analyzed. The grain size used was 
125-149 microns. The sample localities are listed in Table 9. 


TABLE 9. SAMPLE LOCALITIES 


Sample Number Locality 
Pyrite 
K-1 Bingham, Utah 
K-2 Yak Mine, Leadville, Colorado 
K-3 Isle of Elba 
K-4 Brazil 
K-10 Saratoga Mine, Central City, Colorado 
Marcasite 
K-11 Ottawa County, Oklahoma 
K-12 Joplin, Missouri 
K-13 Brux, Bohemia 


K-14 Pitcher, Oklahoma 


Thermal curves for these samples are illustrated in Fig. 5 and 6. The 
peak parameters are listed in Tables 10 and 11. . 
| Under equivalent conditions (sample weight, heating rate and grain 
size) several samples of pyrite appear to agree closely in the general 
appearance of thermal curves and peak parameters. In general for a 10 
mg. sample only one exothermic peak is observed at 543° C.45° C. Fora 
50 mg. sample, two exothermic peaks are observed, the first at 538° C. 
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Frc. 5. Selected pyrite DTA curves. 125-149 micron fraction, 
10 and 50 milligram samples. 
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Fic. 6. Selected marcasite DTA curves. 125-149 micron fraction, 
10 and 50 milligram samples. 


DIFFERENTIAL THERMAL ANALYSIS 1095 
TaBLeE 10. Pzak PARAMETERS FOR SEVERAL Pyrires (125-149 MICRONS) 
(10+ MitiicRam SAMPLEs) 
Peak Temperatures Peak Areas 


Sample Number 


KOSS 


(In.?, Planimetric) 


K-1 
K-2 
K-3 
K-4 
K-10 


K-1 
K-2 
K-3 
K-4 
K-10 


538 T 
544 | 
545 T 
548 7 
542 Tt 


(SO0+1 Milligram Samples) 


(537 T) 578 | 600 f 
(538 f ) 590 | 598 t 
535 } 585 | 608 T 
540 7 585 | 600 
(541 T) 581 | 600 T 


1 
1 
il 
1 
1 


SB SS 


5.9 est. 
6.2 est. 
5.9 

6.0 
6.2 est. 


535 | Exothermic; 578 | Endothermic; (537 7 ) Estimated peak temperature for peak 


off record. 


TABLE 11. PEAK PARAMETERS FOR SEVERAL MArcasiITEs (125-149 microns) 


(1041 Mirricram Samp res) 


Sample Peak Temperatures a ste 
Number (CxCrsE S63) ee 
metric) 
K-11 445 7 520 | 540 T ileal 
K-12 462 T 528 | 538 T heal 
K-13 465 7 475 | 528 T 123: 
K-14 470 T 504 | 529 T 1.0 
(50+1 Milligram Samples) 

K-11 4407 482) 530T 5641 SiS) Oss | 5.9 
K-12 4657 488] GS )) = —_ 655 | 6.4 est. 
K-13 4557 - 480] (5307) 580] 583 T = 6.2 est. 
K-14 4807 490] (5357) 585] 595T 658] Op2tests 


440 ? Exothermic; 482 | Endothermic; 455 7-480 Inflection; (532 7) Estimated 
temperature for peak off record. 


+5° C. and the second at 603° C.+5° C. The peak areas agree closely, the 
area for a 50 mg. sample being approximately 6.1 in.” and the area for a 


10 mg. sample about 1.2 in.” 
Several samples of marcasite under the same test conditions also have 


the same general thermal curves and peak parameters. However, the 
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agreement is not as close as for pyrite. This may be attributed to the rela- 
tive instability of marcasite compared with pyrite. For a 10 mg. sample 
two exothermic peaks are observed. The first occurs at 458° C.+13° C. 
and the second at 534° C.+6° C. For a 50 mg. sample two exothermic 
reactions are also observed for all samples, the first at 460° C. + 20° C. and 
the second at 532° C.+3° C. A third exothermic peak may be observed 
at 585° C. £10° C., and an endothermic reaction may be observed at 
about 655° C. It is of interest to note that the peak showing the widest 
variation in peak temperature is the initial oxidation peak of marcasite 
which is believed to represent the instability of marcasite compared with 
pyrite. The peak areas agree closely with each other and also with the 
peak areas of pyrite. The measured peak areas for 50 mg. samples aver- 
age about 6.2 in.” and for 10 mg. samples approximately 1.1 in.’. 


CONCLUSIONS 


Pyrite and marcasite analyzed under standard conditions of heating 
rate, grain size and sample weight yield distinctive differential thermal 
curves. The initial oxidation peak of marcasite occurs at about 460° C. 
for a 50 mg. sample (125-149 micron fraction) while under the same 
conditions the initial oxidation peak of pyrite does not occur until about 
538° C. Marcasite appears to oxidize at a lower temperature because of 
its relative instability compared with pyrite. 

The inversion of marcasite to pyrite was not observed for samples 
heated in air. Upon completion of the initial oxidation reaction, X-ray ~ 
powder patterns indicate the presence of a mixture of hematite and 
marcasite. 

Oxidation peak temperatures decrease with grain size for both species. 
The peak temperature of the Curie point (endothermic) which is ob- 
served for pyrite finer than 74 microns and for the entire size range of 
marcasite tested (>297 to <44 microns; 50+1 mg. samples) appears 
to increase with decreasing grain size. Peak areas for both pyrite and 
marcasite increase in an essentially linear manner with sample weight 
and under standard conditions of grain size and sample weight do not 
differ significantly. 

The final reaction products for both pyrite and marcasite are hematite 
and sulfur dioxide. When the sulfur dioxide produced during the oxida- 
tion depletes the sample atmosphere of oxygen, pyrrhotite and other 
iron oxides including magnetite and maghemite may form as inter- 
mediate products. 
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ESKOLAITE, A NEW CHROMIUM MINERAL 


Oxtavi Kouvo AnD YrRJO VUORELAINEN, Department of Geological 
Exploration, Outokumpu Co., Oulokumpu, Finland 


ABSTRACT 


A new mineral was discovered at the Outokumpu mine in Finland. Its formula is 
(Cry.90, Vo.o9, Feo.o1) O3 from chemical analysis. X-ray studies of single crystals and pow- 
ders, as well as optical examination in reflected light, show the mineral to be isostructural 
with Cr.O;, the crystal structure of which, determined by Zachariasen (1928), has type 
D5, and space group R8c. The cell dimensions are not measurably affected by the sub- 
stitution of Fet++ and Vt+* for Cr+*+. The habit ranges from long prismatic to platy. 

The new mineral was found by Yrjé Vuorelainen, and it is named in honor of Professor 
Pentti Eskola of the University of Helsinki. 


INTRODUCTION 


The compounds Fe.O3, CreO; and Al,O; are isostructural, having the 
hematite structure. The end members of the series have been synthe- 
sized in the laboratory, but Cr,O; has not been found in nature. 

The oxide of trivalent chromium, Cr2.O3, is known by many names 
because of its color: green oxide of chromium, chrome ocher, ultra- 
marine green, green cinnabar, green rouge etc. The known physical and 
chemical properties of this chromium compound are summarized by 
Udy (1957). The data given include the melting point (about 2435° C.), 
the boiling point (3000° C.), the heat capacity, the magnetic, thermal ex- 
pansion, and oxygen expansion data, the heat content and the entropy, - 
the thermal conductivity, resistivity and emissivity, the index of refrac- 
tion (2.5), and the chemical properties. X-ray powder data for pure Cr.O3 
are given by Jay and Wilde (1947), and by Swanson, Gilfrich, and Ugri- 
nic (1955). The Curie point has been reported to be 305° K. and 320° K. 
by different investigators. Greenwald and Smart (1950) have found a 
change in crystal structure at 318° K. which first becomes apparent as 
a very slight broadening of the 422 reflection. At 307° K. the line is a 
distinct doublet, and the separation increases rapidly as the temperature 
is lowered. 

A complete series of solid solutions formed between Cr.0; and FeO; 
has been described by Hamelin (1950). In addition, the formation of 
Cr.O; in chromium spinel in heating experiments has been discussed by 
Karyakin, Pyatikop and Sukharevskii (1956, 1957): Hamelin (1950) 
has pointed out that the presence of aluminum favors the formation of 
spinels. 


OCCURRENCE 


The mineral later identified as the natural counterpart of the arti- 
ficial compound Cr.O3 was first observed by Yrj6 Vuorelainen in the 
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summer of 1949 at the Outokumpu mine, Finland. The mineral charac- 
teristically occurred in fresh, well developed hexagonal prisms and 
plates, 1-5 mm. in size (Fig. 1), in chromium-bearing tremolite skarn. 

The geology of the Outokumpu mine is described by Veikko O. 
Vahatalo (1953). Although the Outokumpu ore is a copper ore consist- 
ing of about one million tons of metallic copper, there are in the ore 
field, according to Eskola’s estimation (Eskola, 1953), about seven mil- 
lion tons of metallic chromium in the numerous serpentine and skarn 
rocks. In an earlier work he (Eskola, 1933, p. 43) describes a number of 


Fic. 1. Crystal of eskolaite from Outokumpu, Finland. Photo: W. S. Starks. 


chromium-bearing minerals in different rocks associated with serpen- 
tine-rock, which is itself very poor in chromium and only seems to con- 
tain chromite in the form of pigment-like secondary products. The other 
chrome-bearing minerals and rocks are: (1) fuchsite in quartzite, which 
also contains streaks and patches of chrome-diopside and -tremolite, and 
uvarovite; (2) the latter three minerals, especially diopside, forming 
skarn deposits associated with dolomite; (3) chromite in dolomite; 
(4) picotite, kimmererite, and chromite in anthophyllite-cordierite rock; 
(5) uvarovite and tawmawite with some chromite in quartzose copper 
sulfide ore, and finally (6) the most remarkable occurrence of veins com- 
posed of uvarovite, tawmawite, chrome-tremolite with sulfides, mostly 
pyrrhotite, and also containing chrome-diopside and chromite. The 
chromite, as well as all the other chromium-bearing minerals of this 
locality, is in all probability of hydrothermal origin. The occurrence 
of chromium at Outokumpu illustrates the ability of this element to 
migrate and to take part in metasomatic replacements. 
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The specimens most abundant in the new chromium mineral were as 
follows: 

1. Chromium-bearing tremolite skarn, rich in calcite, from contact 
with the ore. Mineral habit: long hexagonal prisms (up to 5 mm.). Asso- 
ciated minerals: pyrrhotite, pentlandite, chalcopyrite, chromium tremo- 
lite, uvarovite, tawmawite, calcite, and talc. 

2. Quartzite from the foot wall of the ore. The specimen is from a 
cavity in a vein of milky quartz. Mineral habit: long prismatic (up to 
1.5 mm.). Associated minerals: uvarovite, chromium bearing tremolite, 
calcite, and pyrite (pentagonal dodecahedron). 

3. Veins of pyrrhotite. Mineral habit: platy (up to 6-7 mm.). Associ- 
ated minerals: pyrrhotite, chromium-bearing tremolite, and chromium 
tourmaline. In some cases the mineral occurs as thin sheets on the sur- 
face of quartz. 

4. Skarn ore rich in pyrrhotite. Mineral habit: short prismatic. Associ- 
ated minerals: chromium-bearing tremolite, uvarovite, chromium tour- 
maline, chromium spinel, pyrrhotite, pyrite (octahedron), and chalco- 
pyrite. 

5. Chlorite seams. Mineral habit: thin platy. Associated minerals: 
chlorite, pyrite, chalcopyrite, pyrrhotite, and chromium spinel. 

The mineral has not been found to occur with chromium diopside. 

A further sample, weighing about eight kilos, was selected for separa- 
tion. The concentration of the new mineral from rock samples was done 
by means of standard techniques. A Denver-Wilfley laboratory concen- 
tration table was adapted for treating the crushed sample. The heavy 
fraction was cleaned with bromoform, and then leached with a large 
quantity of hot hydrochloric and nitric acid to remove the soluble 
sulfides. The residue was further divided by centrifuging in Clerici solu- 
tion. The heavy portion was passed through the Frantz isodynamic 
separator at the highest magnetic flux available to isolate the new min- 
eral from the other constituents of higher magnetic susceptibility, es- 
pecially from the abundant chromium spinel. The sample that was ana- 
lyzed was determined by grain counts to contain less than 1% impurity, 
principally chromium spinel and tremolite. 

Subsequent spectrographic, «x-ray, and chemical analyses of the final 
sample of 1.5 grams established the mineral to be a new anhydrous 
chromium oxide expressed by the formula Cr.03. 


PHYSICAL AND OPTICAL PROPERTIES 


The new mineral is lustrous black in color in crystals, and light green 
in finely divided material. 
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The specific gravity of 5.18 gm.cm.* was obtained by using an ASE 
Torsion-Type Balance and suspension in toluene and in bromoform. The 
determinations were made on a number of grains weighing between 6 
and 20 mg. The grains were too small to guarantee high accuracy and 
from the invariable presence of tiny inclusions and cavities it might be 
inferred that the values would tend to be too low. A measured specific 
gravity of 5.215 is given for pure CrsO; (Donnay, et al., 1954). 

The absorption is so strong that in thin sections the mineral is opaque. 
In fragment mounts the thin grain edges are dark green with evident 
anisotropism, and with pleochroism from emerald green to olive green. 
It was not found to be pleochroic in polished sections. 

On polished surfaces the mineral is gray. It is usually euhedral and 
strongly anisotropic with polarization colors as follows: 


i Jbaveyte Nicols completely crossed: gray blue 
greenish gray 


Nicols not completely crossed: Aarolet nla 
light greenish gray 


2. In oil Nicols completely crossed: gray 
brownish gray 


Nicols not completely crossed: brownish gray 
greenish gray 


Internal reflections are emerald green (also on borders against gangue). 
A clear red glint can be seen at the edges of small holes, which give a 
green reflection from the bottom. 

Tests with chemical reagents gave the following results: 


eit HNO; neg. Aq. reg. neg. 

ed HCl neg. CrO;+ HCl neg. 

20% FeCl; neg. HF neg. 

20% KCN neg. 70% HC1O4 neg. 

40% KOH neg. KMnO, neg. 
5% HegCle neg. 


The microhardness (Vickers) was found to be about 3200 kg/mm? 
(cassiterite: 1900-2000 kg/mm? and chromite: 1800 kg/mm’). 
The reflectivity in air as compared to that of hematite is: 


green orange red 
eskolaite 22% 21% 20% 
hematite (26%) (25%) (21%) 


A photomicrograph of a polished surface of the mineral is shown in 
Hig. 2. 


1102 O. KOUVO AND Y. VUORELAINEN 


Fic. 2. Photomicrograph of a polished surface of eskolaite, Cr2O;, from Outokumpu, 
Finland. Pyrrhotite—Pyrr; chalcopyrite—Cp; pentlandite, PH; tremolite—Trem; and 
carbonate—Crb. Photo: Erkki Halme. 


CHEMICAL COMPOSITION 


A chemical analysis was made by Mr. Jorma Kinnunen, on material 
containing less than 1% impurities, mainly chromium spinel and tremo- 
lite. Results are given in Table 1. 

The mineral sample was decomposed by means of NaeO: fusion in an 
Alsint crucible (pure alumina). Chromium-+vanadium were titrated 
with ferrous ammonium sulphate using diphenyl amine sulfonate as in- 
dicator. Vanadium was titrated after removal of chromium by means of 
a mercury cell. Iron was separated from chromium and vanadium in 
alkaline carbonate solution and determined photometrically by means 
of salicylic acid. Aluminum, manganese, magnesia, silica, copper, and 
nickel were estimated spectrographically. 

The above figures represent an average corresponding to the chemical 
composition of all samples collected. It seems reasonable to assume 
that for solid solutions the lattice constants and specific gravity would 
vary as a function of chemical composition from grain to grain. Small in- 
clusions and cavities in grains were found to cause differences which 
overlapped the possible real differences in specific gravity between the 
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TABLE 1. CHEMICAL ANALYSIS OF ESKOLAITE FROM OuTokumpu, FINLAND 
Analyst: Jorma Kinnunen 


: Number of moles multiplied 
Weight per cent by 10,000 
Cr.0; 94.13 +0.20 6191 
FeO; 0.55 34 
V203 4.58 305 
Al2O; 0.19* 18 
MgO 0.03% 7 
MnO 0.03* 4 
S102 OF20% 33 
HO (total) 0.10 
Total 99.81 
* Based on a spectrographic analysis: O.X INI, Sit (about 0.1) 
O.OX Mg, Mn (about 0.02) 
tr. Cu, Ni 


Formula: (Cri,90, Vo.o9, Feo.o1) Os. 


grains. On the other hand the specific gravities of CreO; and FeO; are 
very close together. The determinations on the lattice dimensions did 
not show any remarkable differences. The total quantity of this mineral 
available for study was quite limited and did not allow several chemical 
analyses. A semiquantitative recast of the analysis on a different sample 
did not show any serious differences. 


CRYSTALLOGRAPHY 


The mineral usually forms in hexagonal prisms and thick plates, and 
gives a green streak. The calculated density obtained from the analysis 
given in Table 1 and from the cell dimensions given in Table 3, is 5.218 
omc” 

Powder patterns were obtained using filtered copper, iron, and chro- 
mium radiation. The data for the interplanar spacings were calibrated with 
a silicon standard mixed with the sample. The results are given in Table 
2, column 2, together with the data for synthetic Cr2O3 and hematite. 

The structural identity of the new mineral with the synthesized 
Cr,O; and hematite is evident. The x-ray powder pattern of hematite is 
similar, but it differs chiefly in having d-spacings corresponding to a 
larger unit cell than those of both the chromium compounds, although 
small differences in intensities were also noted. Intensity measurements 
were made by the flat-plate reflection method of the diffractometer. 

In addition to the powder diffraction patterns shown in Fig. 3, the 
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TABLE 2. COMPARATIVE POWDER DIFFRACTION DATA FOR SYNTHETIC CreO3 (SWANSON, 
GILFRICH AND UcrInic, 1955), FOR ESKOLAITE, AND FOR 
Hematite (Harcourt, 1942) 


CreO; Eskolaite Hematite 
hkil : ‘ 
d(A) I d(A) I d(A) I 
0112 3.633 74 3.630 + .024 96 3.66 1 
1014 2.666 100 PASS Se MO 97 2.69 
1120 2.480 96 2.479 + .009 94 Peer! 4 
0006 2.264 12 2.269 + .008 w = = 
1123 2.176 38 PANE se OO 48 DEAS 2 
2022 2.048 9 == = aed mee 
0224 1.816 39 1.8146 + .0034 58 1.835 3 
1126 1.672 90 1.6746+ .0039 100 1.68 5 
1018 — — 1.6139 + .0032 w — = 
2132 1.579 13 1.5782 + .0030 Ww 1 oS) 0.5 
2134 1.465 DS 1.4656+ .0024 32 1.485 1 
3030 1.4314 40 1.4331+ .0019 47 1.44 2 
OREO 1.2961 20 1229 (Met 0025 12 1.30 0.5 
2240 1.2398 17 1.2440+ .0014 w 1255 0.3 


single crystal photographs were taken with Cu Ka radiation on the 
Buerger precession camera using the crystal shown in Fig. 1. These 
studies establish that the diffraction aspect is Rxc. All dimensions ob- 
tained from these films are given in Table 3. The morphology of the crys- 
tals obeys the rhombohedral lattice criterion, as the prism is {1120} 
rather than {1010}, and {1123} is observed, not {1121}. The forms 
{0112} and {1014} should be dominant, however, and their absence is 
anomalous. 

The cell edges were also calculated from the d-values 3.630+.001 A 
(0112) and 2.479+.001 A (1120) obtained by means of a Norelco high- 


TABLE 3. COMPARISON OF CrysTaL Data or EsKOLAITE, 
V203, CrzO3 AND FeO; (DONNAy ET AL., 1954) 


Eskolaite 
V203 CreOz Pes 
ag powder single crystal ao 
data data . 
Lattice +! 
dimensions 
ao 4,933 kX 4.94 kX 4.958+ .002A | 4.9734 .015A 5.025 kX 
(aii) 13,940 kX 13 S7o exe 13-60 08 A LSS meeOd A 13.735 kX 
c/a 2.826 2.748 2.743 2.730 eves} 
Cell palais a = 289.45 As 290.6 As — 
5.04 Sos) 5.218 5.20 Ss) 


— 
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Fic. 3. Comparison of x-ray powder photographs: (1) eskolaite from Outokumpu, 
Finland; (2) hematite. Cr-radiation, V filter. 


angle X-ray Spectrometer and using the sample mounting technique 
suggested by Holland (Holland et al., 1955). 

The crystallographic data of eskolaite are given in Table 3 together 
with those of Cr2O3, V203, and Fe:O3. 


NOMENCLATURE 


On the evidence adduced above, the existence in nature of a chromium 
oxide corresponding in composition to Cr2O; and isostructural with 
hematite and corundum, is proposed. 

The mineral is named in honor of Professor Pentti Eelis Eskola of the 
University of Helsinki in recognition of Professor Eskola’s many funda- 
mental contributions to mineralogy and petrology during the past half 
century. 

By analogy with hematite and corundum, the name eskolaite should 
be appropriate for the pure end member. 
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AJOITE, A NEW HYDROUS ALUMINUM 
COPPER. SILICATE 


W. T. SCHALLER AND ANGELINA C. Vulsipis, U. S. Geological 
Survey, Washington 25, D. C. 


ABSTRACT 


Ajoite is a new bluish-green hydrous aluminum copper silicate from Ajo, Pima County, 
Arizona. It was collected by Harry Berman in 1941 and recognized by him at that time as 
probably a new mineral. Mostly massive, a few cavities contain platy crystals or laths 
elongated parallel to ¢ and flattened parallel to {010}. It is biaxial positive with indices of 
refraction a= 1.565, B=1.590, y=1.650, +2V=68°, X=b, Z/\c=15°. The specific gravity 
is 2.96. The x-ray powder pattern could not be related to that of any other copper silicate. 
The strongest lines are: 12.4 (100), 3.34 (25), 6.19 (9), 4.12 (9), 3.09 (9). Examination with 
an «-ray diffractometer showed that neither medmontite nor any montmorillonite group 
mineral can be present. Chemical analysis yielded the formula AloO3- 6CuO - 10SiO»: $4H20. 
Ajoite is not related to any of the several impure mixtures of copper silicates and aluminum 
minerals. 


INTRODUCTION 


Specimens of a bluish-green copper aluminum silicate, named ajoitet 
after the locality Ajo in northwestern Pima County, Arizona, were col- 
lected by Harry Berman of Harvard University, in August 1941 to- 
gether with specimens of dark blue shattuckite. Preliminary examina- 
tion by him, chiefly optical, indicated that the greenish mineral was 
probably a new species. It had been planned by Berman and Schaller to 
collaborate on the study of this new mineral and possibly to extend such 
a collaborative investigation so as to include all the known copper silicate 
minerals, a plan nullified by Berman’s untimely death in 1944. It is a 
tribute to Berman’s keen perception that his earlier prediction of a new 
mineral has been borne out. 

The two gram sample of massive ajoite prepared for analysis by Ber- 
man was further purified by hand-picking the few remaining small 
spherulites of blue shattuckite enclosed in the greenish ajoite. The 
resulting purified sample was analyzed by Angelina C. Vlisidis after a 
pycnometer determination of the specific gravity and a preliminary 
spectrographic analysis. 

Later, the entire collection of these specimens was forwarded by Prof. 
Clifford Frondel (Harvard University) for completion of the study. A 
second small sample of massive ajoite was prepared from these samples 
for the several qualitative tests made, checking the optical determina- 
tions, and taking additional x-ray powder-diffraction patterns. 


* Publication authorized by the Director, U. S. Geological Survey. 
+ Pronounced ah’ho-te. 
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ASSOCIATION 


Most of the ajoite is compact massive, resembling some deeper colored 
chrysoprase in color and specimen structure, and is intimately mixed 
with dark blue shattuckite and white massive quartz. Occasional small 
cavities contain aggregates of elonaged plates of ajoite, a millimeter and 
less in length. Other less abundant associated minerals observed are 
minute pearly scales of sericite, white powdery quartz, pyrite, very pale 
blue altering shattuckite, limonitic stains, and on one specimen massive 
conichalcite. Berman (letter to W. T. Schaller, dated June 12, 1942) also 
noted the presence of this mineral (he referred to it as “‘higginsite’’) 
perched on the new copper silicate. 

As observed in a thin section, the relation between ajoite and shat- 
tuckite seems rather indefinite, but, in general, the greenish ajoite ap- 
pears to have replaced the shattuckite, as noted by Berman. On the 
other hand, the presence of small seams of shattuckite, grading down in 
size to isolated minute spherulites, suggests to one of us (W.T-.S.) that 
shattuckite may be forming at the expense of the ajoite and later than it. 


PHYSICAL AND OPTICAL PROPERTIES 


In color ajoite approaches very closely Ridgway’s Venice green, 
Plate VII, 41. BB-G, about 75 per cent green and 25 per cent blue. 

A letter, dated June 12, 1942, from Berman to Schaller, stated that 
the light green, lathlike ajoite found replacing the shattuckite is mono- 
clinic, elongated parallel to c and flattened parallel to {010}. Berman 
determined the indices of refraction to be a=1.565, @=1.590, y=1.650, 
with a birefringence of 0.085. From these indices 2V is calculated to be 
68°. Optically positive, X=b, Z/\c=15°. These values have been con- 
firmed by Schaller. 


The specific gravity of the analyzed sample is 2.96 (pycnometer). 
X-Ray POWDER-DIFFRACTION Data 


X-ray powder-diffraction patterns (films 5759, 12557, and 12559) of 
the massive analyzed material are identical with those taken of the bet- 
ter crystallized material (films 5757 and 5757A) on which Berman made 
his optical determinations. The measured powder data listed in Table 1 
were obtained from a pattern (film 12559) taken by Mary E. Mrose, 
U. S. Geological Survey, with a Debye-Scherrer camera (114.59 mm. 
diameter) using the Straumanis technique, with CuKa radiation (Ni 
filter), X=1.5418 A. Film 12557 is reproduced in Fig. 1. 


COMPOSITION 


The analysis of the small sample of ajoite first purified by Berman 
and later by Schaller, guided by prior spectrographic examination, 
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TABLE 1, X-Ray Powper-Dirrraction Data FOR AJOITE FROM Ajo, ARIZONA 
(analyzed material; film 12559) 
CuKa (Ni filter), \=1.5418A 
Camera diameter 114.59 mm.; cutoff at 17.7 A 
Corrected for shrinkage (by M. E. Mrose) 
T! d(meas.) it d(meas.) I d(meas.) 
100 12.4 1 Dosstl 1 odin 
4 9.98 3 2.30 1 15555 
9 6.19 3 2.28 2 1.540 
1 5.19 3 DKS 1 1 SPA 
1 4.99 1 RD 1 1.506 
3 4.53 1 2.16 1 1.489 
3 4.25 1 DW 2 1.480 
9 4.12 1 2.08 2 1.449 
1 3.87 1 2.02 1 1.416 
1 Boil 1 2.00 1 1.384 
4 3.48 1 1.978 1 1.373 
2 3.40 1 1.949 2 1.347 
| 25 3.34 1 1.862 1 15333 
| 9 3.09 1 1.841 1 1.309 
| 5 2.93 3 1.818 1 1.296 
| 6 2.79 1 1.802 1 1.278 
| 3 2.66 1 1.775 1 1.268 
. 2 2.59 1 152 1 1.250 
3 DoS) 2 1.672 1 1.228 
4 DR Vil 1 1.642 1 1.198 
6 2.46 1 1.617 1 1.184 
| 1 2.43 1 1.595 1 1.181 


Plus many more weak lines 


1 Intensities were obtained by visual comparison with a calibrated intensity strip based 
| on log 1/2. 


showed that ajoite is a hydrous aluminum copper silicate with the for- 
mula Al,O;-6CuO- 10SiO,-53H2O. 

The spectrographic analysis by K. J. Murata, U. S. Geological Survey, 
showed: 


ONS Cu 
X Al, As, Ba 
O.X Ca, Fe, Mg, Mn, Ti 
O.OX Na 
O.OOX B 
Not found: P, Pb, V, Sn, Be, Bi, Cr, Ge, Li, Sb, Zr, Zn 


The results of the chemical analysis are given in Table 2. The formula 
derived therefrom is AloO;:6CuO-10Si0,-53H20. 
Ajoite is readily decomposed by acids, leaving a coherent white mass 
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Fic. 1. X-ray powder-diffraction pattern of ajoite. Cu Ka, Ni filter. 


of hydrated silica with small unattacked particles of blue shattuckite 
scattered through it. At room temperature, with 1:1 HCl, decomposition 
takes place overnight. In 1:1 NHOs several days are required. When the 
mineral was treated with NH,OH at room temperature overnight, no 
reaction was noticed. 

The role of arsenic and barium in the mineral is not definitely known, 
but the arsenic is considered as due to admixed conichalcite and the 
barium to barite as the ratios of BaO (0.0033) and SO; (0.0029) are very 
close. Based on the determined percentages of As.O; and of BaO, 3 per 
cent of conichalcite and 0.76 per cent of barite are deducted as impuri- 
ties. The value given for FeO is for total iron. 


TABLE 2. ANALYSIS OF AJOITE 
(by A. C. Vlisidis) 


Deducting : : 
Analysis conichalcite Remainder Ratios 
and barite Ajoite 
SiO» 45.90 = 45.90 0.7642 0.7642 10.10 
10 1.01 
Cud 33.90 | 0.92 32.98 4146) 
FeO 78 =< 78 0109 
MnO 10 = 10 .0014| .4494 5.94 
6 <X0.99 
MgO 66 = 66 .0164| 
CaO 99 | 65 34 0061 
BaO 50 50 = == 
AlO3 7.30 = 7.30 0716 0.97 
. * ..0736 150.97 
TiO» 16 = 16 0020 
As.0; 1.33 133 = = 
SO; | 3 3 = = 
H.O- | 2.55 = 2.55 1415) 5.49 
_ ; 4151 541.00 
H.0+ 5.03 10 4.93 .2736 ‘ 
| 99.43 3.78 95.70 
G | 2.96 
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Determinations of the water content of ajoite were repeated on two 
other small samples of the material, (1) a second small sample prepared 
by Berman and (2) a small sample prepared by Schaller. The results ob- 
tained are: 


(1) (2) Analyzed sample 
H,O0- 1.85 1.92 DDS) 
H,0* 5.69 6.34 5.03 
Total H2O 7.54 8.26 7.58 


If the values of (2) are substituted for those given in the analysis. then 
the ratio of the total H,O becomes 5.96, very close to 6. 


RELATIONS TO OTHER COPPER SILICATES 


John C. Hathaway of the U. S. Geological Survey examined ajoite with 
an «x-ray diffractometer using both air-dried and ethylene glycol sat- 
urated samples and was unable to detect any montmorillonite group 
mineral. X-ray examination of ajoite heated at 400° C. showed no col- 
lapse in the structure. These results demonstrate that neither medmon- 
tite, a copper-bearing (20.96 per cent CuO) clay of the montmorillonite 
group, nor any other montmorillonite group mineral can be present. 

Ajoite is not closely related to any of the several described hydrous cop- 
per aluminum silicates such as traversoite, a light blue ‘‘new variety of 
chrysocolla” with 21.84 per cent Al,O; and 32.84 per cent H,O, believed 
to be a mixture of chrysocolla and gibbsite; or pilarite with 16.9 per cent 
Al,O3 and 21.7 per cent H,O, or to similar material from Utah with 10.78 
per cent Al,O; and 25.76 per cent H,O, the alumina being ascribed to ad- 
mixed allophane; or to any of the several probably impure bluish chryso- 
collas with small amounts of Al,O;. A mixture of chrysocolla and alunite 
(or natroalunite) has also been described. Most of these chrysocollas 
containing appreciable amounts of alumina are probably mixtures of 
typical chrysocolla (essentially CuO -SiO,-2H,O) with other copper free 
minerals. Alumina is commonly present in these mixtures as hydrate, 
phosphate, sulfate, or silicate. All these mixtures contain much more 


w.ter than is present in ajoite. 
ACKNOWLEDGMENTS 


Our appreciation is expressed to Mary E. Mrose for powder-diffrac- 
tion work, to K. J. Murata for the spectrographic analysis, and to John C, 
Hathaway for his kind assistance. 


Manuscript received March 12, 1938. 


THE AMERICAN MINERALOGIST, VOL. 43, NOVEMBER-DECEMBER, 1958 


COPPER VERMICULITES FROM NORTHERN RHODESIA 
Wriiuram A. Bassett, Columbia University, New York, New York. 


ABSTRACT 


Vermiculite has been identified as the chief copper bearing mineral in samples of mica- 
ceous material from the copper belt of Northern Rhodesia. These samples range from 2% 
to 7% copper which is carried in the exchange position of the vermiculite. For comparison, 
copper vermiculite was synthesized from magnesium vermiculite and from biotite by 
simple base exchange procedures. The resultant materials give x-ray diffraction patterns 
with intensities for the 7 A, 4.7 A, and 3.5 A reflections greater than those of a magnesium 
vermiculite, indicating that copper has entered the exchange position of the vermiculite 
lattice. The natural samples give x-ray diffraction patterns having a similar distribution of 
intensities. In some of the natural samples this intensity distribution must be attributed 
to the presence of chlorite but in others it is due to copper in the exchange position. Ver- 
miculite has been distinguished from chlorite on the basis of differentia] thermal analysis, 
direct weight measurements of H2O loss on heating, continuous x-ray diffraction during 
heating on the thermal increment diffractometer, and by exchanging large univalent ions 
for small bivalent ions in the exchange position. Copper appears to be firmly fixed in the 
vermiculite lattice and no simple base exchange procedure was found for its removal from 
either the natural or the synthetic material. 


INTRODUCTION 


Samples from the Roan Antelope mine of Northern Rhodesia were sent 
to the mineralogy laboratory at Columbia University for investigation. 
The samples consisted of micaceous material from the oxidation zone and 
had been found to contain up to 7% copper which was not recoverable by 
conventional methods of treatment. Later a bulk sample of similar mate- 
rial from the Banded Sandstone in the Nchanga mine of Northern Rho- 
desia was examined. The problem was similar to that encountered in the 
Roan Antelope samples. 

The lack of ordinary copper minerals in an amount adequate to ac- 
count for the copper content suggested the possibility that the copper 
might be carried in the micaceous material itself. The nature and extent 


of this association has formed the basis of a detailed mineralogical and 
x-ray study. 


GENERAL DESCRIPTION OF THE ROAN ANTELOPE SAMPLES 


Samples RAS, RA6, RA7, and G1 from the oxidation zone of the Roan 
Antelope deposit range from 2% to 7% copper (Table 1). Of these only 
one, RAS, has recognizable normal copper mineralization which is in the 
form of osha and constitutes about 1% of the sample. The chief 
constituents of all the samples examined are micaceous minerals. In RA5 
the micaceous material is light green and represents about 90% of the 
sample. About 50% of RA6 is a light brown micaceous mineral. In RA7 
light brown micaceous minerals constitute 65% of the sample, while G1 
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consists of nearly 95% colorless to light brown micaceous material. The 
optical properties of these micaceous minerals are variable even within 
the individual samples. The refractive indicies range from 1.575 to 1.605. 
All the flakes are biaxial negative but the axial angle ranges from 0° to 30° 
with a large majority of measurements in the range from 5° to 10°. 

Quartz, tremolite, hematite, goethite, and limonite occur as secondary 
minerals in all the samples. The quartz appears as angular fragments 
ranging from less than 1% in G1 to nearly 20% in RA7. White tremolite 
needles range from less than 1% in RAS to 40% in RA6. Hematite, 
goethite, and limonite are found both as discrete fragments and as inclu- 
sions in the micaceous minerals. 


TABLE 1. CoppER CONTENT OF THE SAMPLES STUDIED 


Sample %Cu (X-ray spectrometer) 
Nchanga 5 
RAS . UP 
RAG aE 2.6 
RA7 2.4 
G1 rs 3.8 
Synthetic Copper Vermiculite 10.0 


GENERAL DESCRIPTION OF THE MATERIAL FROM NCHANGA 


This material is granular with fragments that range from 28 mesh to 
fine dust. About 65% consists of micaceous minerals with optical prop- 
erties similar to those of the Roan Antelope samples. Quartz, which is 
largely euhedral, constitutes about 25% of the sample. Recognizable cop- 
per mineralization consists of malachite, brochantite and chalcopyrite 
which together represent about 0.1% of the sample. A black iron- 
manganese wad-like material accounts for about 2% of the sample and 
carries a minor amount of copper. Accessory minerals are anthophyllite, 
apatite, and zircon. 

When all the normal copper mineralization is considered, there is still 
far too little to account for the 1.5% copper content of the material. How- 
ever, small red and yellow inclusions in the micaceous minerals offered a 
possible explanation for the copper content (Fig. 1). It had been sug- 
gested in an Anglo American Technical paper that the red inclusions 
might be cuprite. These inclusions are also present to a lesser extent in 
the other samples. Thus, a positive identification of the inclusions became 
desirable. 

The red inclusions are round or irregularly shaped, range from 1 mm 
to su’ microscopic, and are deep red. Under crossed nicols they show wavy 
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extinction and sometimes yield false interference figures. This behavior 
under crossed nicols suggests that the inclusions are aggregates of elon- 
gate anisotropic crystals with a radial orientation. The individual crystals 
are not distinguishable under the highest power. The refractive index of 
the red inclusions is above that of the highest available refractive index 
media (sulfur and selenium; ”= 2.7). 

The final identification of the red inclusions was accomplished by a 
recently developed «x-ray technique for dealing with particularly small 
quantities of material. This technique is the micro x-ray camera. With 
this camera specimens 10-100 » in diameter may be identified. The 


(a) °  £« aes 


Fic. 1. (a) Photomicrograph of a vermiculite flake containing a semicircular inclusion 


of hematite; (b) Photomicrograph of yellow snowflake-like inclusions of goethite in a ver- 
miculite flake. 


camera is mounted on a Norelco basic unit and is used with characteristic 
radiation. 

The micro «-ray camera was well suited for the identification of the red 
inclusions since the inclusions consist of an aggregate of minute crystals 
with a large range of orientations resulting from the radial structure 
With such a wide range of orientations, a single inclusion acts as if it nes 
a powder having a random orientation. Three flakes containing red inclu- 
sions were hand picked under the polarizing microscope. These were first 
placed on a glass slide, then a drop of Duco cement was smeared over the 
fragments. When the Duco cement had dried it was easily floated off in 


water as a plastic sheet containi 
ning the fragments, which were . 
ferred to the camera. ; ee 
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The red inclusions in the flakes were exposed to characteristic copper 
radiation in the micro x-ray camera for six hours. The photographs show 
spots resulting from Laue type reflections produced by a single flake of 
micaceous material. Superimposed on the Laue pattern are rings char- 
acteristic of a powder type picture produced by the multi-oriented crys- 
tals of the red inclusions. The diameters of the rings were measured and 
the d(A) values calculated by means of a nomogram provided with the 
microcamera. The values obtained are given in Table 2, where they are 
shown to compare favorably with the accepted values for hematite. 

An exhaustive search was made in an effort to find red inclusions not 


TABLE 2. Micro X-RAY CAMERA DaTA 


Red Inclusions Hematite Yellow Inclusions Goethite 


d(A) Int. d(A) Int. d(A) Int. d(A) Int. 
3.7 2 3.68 2 Pho) 2 DAY 4 
Desi 10 2.69 10 2.60 1 2.58 2 
Dy 9 Doi 8 2.45 10 2.45 8 
2.22 1 2.20 2 BIDS 1 DDS: 1 
iL oS) 1 1.84 6 1.80 1 1.80 1 
eee, 1 1.69 6 1.74 1 2 4 

155 1 156 3 


showing birefringence which might be identified as cuprite. Only one such 
inclusion was found among the hundreds examined. It was too small to 
give a useful x-ray photograph and was probably a single crystal of hema- 
tite oriented in such a way as to show no birefringence. 

Yellow inclusions are a little more abundant than the red ones but are 
less noticeable due to their lighter color. They occur in three forms within 
the flakes of micaceous material. 


1. As layers of fairly continuous yellow material sometimes showing 
needle-like crystals along the edges. 

2. As snowflake-like aggregates (Fig. 1). Each “snowflake” is made up 
of six or more single crystals all of which have parallel extinction 
and are length slow. Occasionally red inclusions are found at the 
centers of these aggregates. 

3. As rounded forms showing good false figures. None of the inclusions 
were observed to be more than 0.1 mm in diameter. These aggre- 
gates also are sometimes found intimately associated with the red 


material. 
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The index of refraction of the yellow inclusions was found to be above 
2.00. 

Micro x-ray photographs were taken of the yellow inclusions which 
seemed to show the largest number of crystals having different orienta- 
tions. The resulting pictures yielded data comparing favorably with 
goethite (Table 2). 

Thus scrutiny of the inclusions reveals iron minerals rather than cop- 
per. By a process of elimination, the existence of the copper in the 
micaceous material itself affords the most logical explanation. The dif- 
fraction and dehydration data which follow are offered as further proof. 


DIFFRACTION DATA 


The diffraction diagrams (Fig. 2) reveal the quartz and tremolite ob- 
served under the microscope. Nchanga, RA7, and G1 show the 10 A re- 
flections of biotite. All of the diagrams have 14 A, 7A, 47 A and 2.38 
reflections which may be attributed to either vermiculite or chlorite or 
both. Broad peaks at 12 A, 8.5 A, 4.85 A, and 3.4 A indicate interstratified 
biotite and 14 A minerals. This corresponds to Gruner’s hydrobiotite 
when the layers are biotite and vermiculite (Gruner, 1934). 

Vermiculite may be distinguished from chlorite by the intensities of 
the «-ray reflections. Vermiculite has an intense 14 A reflection and a 
weak 7 A reflection, while chlorite has a 7 A reflection which is about 
twice as intense as the 14 A reflection (Fig. 3). RAS, RA6, and G1 give 
reflections with intensities intermediate between these two extremes 
(Nchanga and RA7 are complicated by mixed layer structure). The dif- 
ference in structure between vermiculite and chlorite which is responsible 
for the distribution of intensities is to be found in the intersilicate magne- 
sium. Because the intersilicate magnesium in chlorite (i.e. the brucite 
layer) is hydrated with OH~ ions, a high density of magnesium (approxi- 
mately 3 ions per 10 oxygens) obtains, providing a high electron density 
at z=0.5 in the unit cell. 

Vermiculite (Fig. 4), on the other hand, has an intersilicate layer (the 
exchange position) of magnesium hydrated with H,O which permits only 
a relatively low density of magnesium (approximately 0.5 ion or less per 
10 oxygen atoms) and hence a low electron density at z=0.5. The electron 
density of the intersilicate layer has a strong effect on the relative in- 
tensities of the 14 A and the 7 A reflections due to the fact that at z=0.5, 
cos 2mlz equals —1 for the 14 A reflection and +1 for the 7 A reflection. 

When a material gives a diffraction pattern with intensities inter- 
mediate between those of vermiculite and chlorite, the material has an 
average electron density at g=(.5 intermediate between that found in 
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vermiculite and that found in chlorite. This intermediate electron density 
in the intersilicate layer may result from four different circumstances: 


1. A mechanical mixture of vermiculite and chlorite, (Weiss and Row- 
land, 1956). 
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Fic. 2. X-ray diffraction diagrams of five copper-bearing micaceous samples from 
Northern Rhodesia. V=vermiculite, C=chlorite, B=biotite, I=interstratified 10 A-14 A 
material, Q=quartz, T=tremolite. 


1118 W. A. BASSETT 


foo) Ye) Ny + n 
ie ° ay ~ Seed (A) 
VERMICULITE 
wo ‘e) ive) oO it) (e) wo 
~m ~m N N = = 20 


Fic. 3. X-ray diffraction diagrams of vermiculite and chlorite. 


2. Mixed layer vermiculite-chlorite, (Weaver, 1956; Weiss and Row- 
land, 1956). 


3. The presence of Mg(OH). among Mg-H,O in a chloritic vermicu- 
lite. 

4. The presence of a high atomic number element (e.g., copper) in the 
intersilicate layer of a vermiculite. 


Thus, the intermediate distribution of intensities observed in the dif- 
fraction patterns of the samples from Africa may result from either cop- 
per substitution in the exchange position of the vermiculite or the co- 
existence of chlorite and vermiculite. The problem of ascertaining the 
location of the copper in the samples becomes one of determining the rela- 
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4A 7A 


Fic. 4. Vermiculite structure and phase diagram. 


tive amounts of chlorite and vermiculite, and of determining the effect 
on the diffraction pattern of copper substitution in the vermiculite ex- 
change position. The former has been accomplished by various dehydra- 
tion techniques; the latter, by the synthesis of copper vermiculite. 


SYNTHESIS OF COPPER VERMICULITE 


Copper vermiculite has been produced in the laboratory by two dif- 
ferent procedures. First, by immersing a normal magnesium vermiculite 
from Corundum Hill, North Carolinia in a molar solution of ammonium 
acetate for 72 hours at 100° C., and then a molar cupric chloride for 120 
hours at 100° C. The first stage reduced the lattice from 14 A to 10 A 
(Gruner, 1939). The second stage caused the lattice to expand to 14 A 
again. The distribution of intensities in the x-ray pattern of the final 
product is quite different from the distribution observed in the x-ray 
pattern of the original material (Fig. 5). The intensities of the 7 A, 4.7 A, 
and 3.5 A reflections have increased while those of the 14 A and 2.8 A 
reflections have decreased. Structure factor calculations show that this 
change represents an increased electron density in the exchange position 
which in this case can be attributed only to the substitution of copper for 
magnesium in the exchange position. 

The second method for the preparation of copper vermiculite consisted 
of placing a normal biotite from Peekskill, New York in a molar solution 
of cupric chloride for 144 hours at 100° C. A hundredth of a gram of the 
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Fic. 5. X-ray diffraction diagrams of vermiculite and copper 
vermiculite synthesized from vermiculite. 


biotite was used. At the end of the 144 hour period the biotite had 
turned from a vitreous black typical of biotite to a pearly, golden brown 
typical of vermiculite. It gave an x-ray pattern (Fig. 6) similar to that 
given by the material derived from the magnesium vermiculite by the 
method described above. Some residual biotite remained unaltered creat- 
ing a pattern with striking similarity to G1 (Vermiculite and biotite from 
Roan Antelope). 

When an attempt was made to repeat the synthesis of copper vermicu- 
lite from biotite using larger quantities of biotite, mixed layer biotite- 
vermiculite resulted giving an x-ray diffraction pattern (Fig. 6) with the 
broad hydrobiotite peaks mentioned earlier. When more biotite was used, 


COPPER VERMICULITES 1121 


2.8 


mw. NR 
mM Sat N ONS 


BIOTITE 


‘BIOTITE + MgClo = 
Mg VERMICULITE 


BIOTITE + CuClo = 
Cu VERMICULITE 


BIOTITE + CuClo = 
Cu HYDROBIOTITE 


SIO) 


(e) wo w 
ms a = = ° nm 280 


Fic. 6. X-ray diffraction diagrams of biotite and materials 
synthesized from biotite. 


even more interstratified material formed at the expense of the discrete 
biotite and vermiculite. The formation of copper hydrobiotite, 1.e., the 
interstratification of copper vermiculite with biotite seems to take place 
as readily as the formation of pure copper vermiculite from biotite. The 
resemblance between this mixed layer material and the natural mixed 
layer specimens, Nchanga and RA7, is also striking. 

At the same time that the copper vermiculite was being prepared from 
the biotite, a magnesium vermiculite was synthesized from the same bio- 
tite for comparison with the copper vermiculite. The synthesized mag- 
nesium vermiculite gives a diffraction pattern (Fig. 6) with a 7 A reflec- 
tion only slightly more intense than the one observed in the natural mag- 
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nesium vermiculite but a great deal less intense than the 7 A reflections 
observed for copper vermiculites, either natural or synthesized. 

Because the synthesized copper vermiculites were formed under closely 
controlled laboratory conditions from pure materials and give x-ray dif- 
fraction patterns completely reconcilable with the emplacement of the 
copper in the exchange position, they provide reference specimens against 
which the other materials may be compared. 


DEHYDRATION STUDIES 


As has been shown above, intensity distributions in «-ray diffraction 
patterns indicate merely the relative electron density of the intersilicate 
position =0.5. It does not indicate whether the differences in electron 
density may be attributed to the presence of chloritic material, Mg(OH)s, 
or to the presence of ions of high atomic number hydrated with H2O. Be- 
cause of the different bond strength with which the water is held in each 
case, one may distinguish the two types by studying dehydration char- 
acteristics. The following techniques were applied to the problem: 


1. Exfoliation on rapid heating 

2. Differential thermal analysis 

3. Direct measurement of weight loss at 260° C. 

4. X-ray diffraction during heating on the thermal increment dif- 
fractometer 

Exchange of large univalent ions for small bivalent ions. 


On 


While this last method is carried out with the materia! entirely sub- 
merged in aqueous solution, it is considered a dehydration method here 
because the replaced small bivalent ions take with them the envelopes of 
H,O molecules which accompany them in the vermiculite lattice. 


Exfoliation 


Perhaps the best known characteristic of vermiculite is its ability to 
exfoliate when rapidly heated to several hundred degrees. This exfolia- 
tion results from the puffing action of water vapor trapped between the 
layers. The water which is vaporized belongs to the HO hydration en- 
velopes which surround the magnesium ions in the exchange position. 
The OH™ ions surrounding the magnesium in the brucite layer of the 
chlorite lattice are not driven off as readily and hence do not cause ex- 
foliation. Thus, exfoliation may be used as an approximate indication of 
the amount of vermiculite and chlorite present in a sample. 

A cubic centimeter of each sample from Africa was measured out and 
heated rapidly to red heat. The volumes of the samples were then re- 


measured. Table 3 gives the per cent increase in volume for each of the 
samples. 
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TABLE 3. VOLUME INCREASE ON HEATING 


Nchanga 50% 


RAS 70% 
RAG 60% 
RAT 100% 


Gl 100% 


It is not unusual for commercial vermiculites and hydrobiotites to ex- 
pand to 20 times their volume or 1900%. When the heated samples were 
examined under the binocular microscope, long vermicules were observed 
indicating that the volume increase of some individual fragments had 
been far greater than the increase exhibited by the bulk samples. 


Differential thermal analysis 


Loss of either HO or OH™ is indicated on the differential thermal 
analysis apparatus as an endothermic reaction. Because the H2O is held 
in the lattice by its polarity, while the OH™ is held by ionic bonding, 
there is a large difference in the temperature at which each is driven off. 
H,0O is lost from the vermiculite lattice in two stages at temperatures be- 
tween 50° C. and 250° C. The first stage represents the removal of the 
hydration envelopes surrounding the magnesium ions in the exchange 
position and gives an endothermic peak between 150° C. and 200° C. The 
second stage represents the loss of a residual monomolecular layer of 
H,O occupying space between the magnesium ions in the exchange posi- 
tion and gives an endothermic peak between 250° C. and 275° C. (Grim, 
1953, p. 231). Removal of OH~ from the chlorite lattice requires a tem- 
perature of about 600° C. Both vermiculite and chlorite lose OH~ from 
the talc layer and decompose in the vicinity of 800° C. giving an endo- 
thermic reaction (Grim, 1953, pp. 231, 238). 

The Roan Antelope specimens, G1, RA5, RA6, and RA7 give endo- 
thermic peaks at 150° C., 250° C., and 840° C. (Fig. 7) indicating vermic- 
ulite. RAS, RA6, and RA7 also show small peaks at 580° C. indicating 
the presence of some chlorite along with the vermiculite. G1, however, 
shows no peak at 580° C. and gives strong vermiculite reactions. The 
Nchanga specimen gives endothermic peaks at 300° C., 580° C., and 840° 
C. The endothermic peak at 300°-320° C. is pronounced in four of the 
samples but does not correspond with data that the author was able to 
find in the literature. Possibly this peak represents the loss of H»O which 
is more tightly bound due to a high concentration of OH™ in the inter- 
silicate layer. A high concentration of OH~ in this position would hold 
H.O molecules entrapped making a higher temperature necessary for their 


removal. 
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Frc. 7. Differential thermal analysis curves of five copper 
vermiculites from Northern Rhodesia. 


Direct measurements of weight loss on drying 


Table 4 shows the percentage weight loss of drying for each of the 
copper vermiculites and for a typical magnesium vermiculite from Corun- 
dum Hill, North Carolina. While the specimens from Roan Antelope lose 
from 3.85 to 5.90 per cent of their weight on drying at 260° C., the 
Nchanga specimen loses only 0.75 per cent. When the Nchanga specimen 
is heated just over 300° C. (exceeding the DTA peak at 300° C.), the 


TABLE 4. We1GHT Loss ON DRYING 


Sample At 260° C. At 300° C. 


Nchanga 0.75% eG 
RAS 4.75% 
RAG 4.85% 
RAZ 3.85% 
G1 5.90% 
Corundum Hill Iso Ye 
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weight loss becomes 1.2 per cent which indicates that the material con- 
tains far less H,O and more OH~ than the other samples and that the 
H,0 is lost at a higher temperature presumably because the greater OH~ 
content impedes the removal of the H:O as suggested in the preceding 
section. 


Thermal increment diffractometer 


The thermal increment diffractometer (Bassett and Lapham, 1957) is 
designed to raise the temperature of a powdered sample while it is con- 
tinuously subject to «-ray diffraction on a Norelco goniometer. The in- 
strument makes it possible to chart the collapse of the vermiculite lattice 
as a function of temperature. A typical vermiculite from North Carolina 
shows two stages of dehydration, one just below 100° C and the other at 
about 200° C. (Fig. 8). Weiss and Rowland (1956) show a similar graph 
for jefferisite from West Chester, Pennsylvania. Walker recognizes six 
different stages of dehydration in vermiculite specimens from Kenya and 
from West Chester, Pennsylvania. They are 14.91 A, 14.36 A, 13.82 A, 
11.59 A, 20.6 A, and 9.02 A. The shifts from 14.36 A to 11.59 A and from 
11.59 A to 9.02 A are the most pronounced and unless the material is very 
pure and a great deal of care taken in its study, the other stages are dif- 
ficult to observe. The two stages will suffice for the present purpose of 
distinguishing vermiculite from chlorite and recognizing mixed layer 
materials. 

The Nchanga specimen shows no collapse during heating on the ther- 
mal increment diffractometer (Fig. 9). The 14 A, 12 A, and 10 A reflec- 
tions persist to nearly 500 ° C. with a gradual decline in intensity for the 
14 A and 12 A peaks between 400° C. and 500° C. There is no change in 
either intensity or spacing at 300° C. to correspond with the DTA peak 
at that temperature. Apparently so much of the material is chlorite and 
mixed layer chlorite-biotite that no collapse is permitted. 

The collapse in RAS during heating from 25° C. to 200° C. is only from 
14.48 A to 14.13 A. The intensity falls rapidly below 100° C., then grad- 
ually between 100° C. and 200° C. The fact that the 14 A spacing does not 
collapse significantly but simply loses its intensity indicates the presence 
of a large amount of chlorite. 

The 14 A reflection of RA6 shows an immediate decrease in intensity 
and a rapid collapse of the 14 A spacing indicating that the material is 
largely vermiculite. Unfortunately, the intensity decreases so fast that 
there is no opportunity to see if there is a second stage of dehydration. 

RA7, also, has a 14 A reflection which readily collapses and loses its 
intensity. The 12 A reflection of the mixed layer material collapses also 
but its intensity increases and persists long enough to show a collapse be- 
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Fic. 8. Lattice collapse caused by dehydration on the thermal 
increment diffractometer. 


low 100° C. and a leveling off at a constant spacing between 100° C. and 
200° C. This is the behavior one should expect from vermiculite and 
hydrobiotite. 

G1 gives the most satisfactory results on the thermal increment dif- 
fractometer. Its reflections persist to 200° C. and show the two stages of 
collapse found in the North Carolina specimen, the only difference being 
that the two stages of collapse seem to take place 20° C. or 30° C. lower 
in G1 than in the normal vermiculite. Also, the breaks are not as sharp 
as those in the normal vermiculite. 

Because G1 gave reasonably good results, it was selected to be glyco- 
lated to determine if its behavior after glycolation would be similar to 
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Fic. 9. Lattice collapse caused by dehydration on the thermal 
increment diffractometer. 


that of abnormal vermiculite. According to Dr. Richards A. Rowland 
(personal communication), the glycolated material, if it isa true vermic- 
ulite, should have a more stable 14 A spacing representing a single layer 
of glycol (in the place of two layers of HO) which should persist to a 
temperature well above 100° C. When G1 was glycolated and run on the 
thermal increment diffractometer, the 14 A spacing shifted only slightly 
between room temperature and 230° C. (Fig. 8). Between these tem- 
peratures, the intensity rose and then fell. Between 230° C. and 400 °C., 
the 14 A spacing collapsed to nearly 10 A and the intensity fell to a low 
level. 
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Both copper vermiculite and copper hydrobiotite synthesized from 
biotite were run on the thermal increment diffractometer. The collapse 
exhibited in each case is very similar to the collapse observed in G1 and 
RA7 respectively (Fig. 8, 9). 


Exchange of large univalent ions for small bivalent ions 


When a pure vermiculite is placed in a potassium chloride or am- 
monium acetate solution and boiled for 80 hours, the potassium or am- 
monium enters the exchange position of the vermiculite and replaces the 
hydrated magnesium ions (Gruner, 1939). Since the hydrated magnesium 
ion is considerably larger than the unhydrated potassium or ammonium 
(they do not enter the exchange position in the hydrated form because 
they are too large to octahedrally coordinate six water molecules around 
them), the exchange causes a collapse of considerable proportions (14 A 
to 10 A). When potassium is used, the resultant material is a biotite. 

When chlorite is submerged in potassium choride, there is no change in 
the spacing. The magnesium in the brucite layer is so tightly bound by 
the hydroxyl ions that no substitution can take place. 

Mixed layer vermiculite-chlorite boiled in molar potassium chloride 
yields mixed layer biotite-chlorite which has a 12 A spacing (Weaver, 
1956). If a mechanical mixture of chlorite and vermiculite is boiled in 
molar potassium chloride, the vermiculite collapses leaving the chlorite 
pattern intact. 

Each of the African specimens was boiled in molar potassium chloride 
for 80 hours. After this treatment they were run on the diffractometer 
(Fig. 10). Nchanga shows no sign of collapse indicating that the material 
is dominantly chlorite as was concluded from some of the other tech- 
niques. RAS, after treatment with potassium chloride shows a 14 A re- 
flection of famimicned intensity but it shows no 10 A reflection. Perhaps 
the 10 A reflection is missing because the vermiculite does not collapse 
nicely to 10 A, but instead collapses to a number of spacings in the 
vicinity of 10 A. The pattern remaining after the potassium chloride 
treatment is that of chlorite. 

After treatment with potassium chloride RA6 gives a far weakei 
chlorite pattern than the one encountered in RAS. A weak 10 A peak ap- 
pears indicating that at least some of the vermiculite was present as a 
mechanical mixture. The 14 A and 12 A reflections of RA7 both readily 
shift to 10 A. Weak reflections at 7A, 4.7 A, and 3.5 A indicate the pres- 
ence of some chlorite in the original sample. 

The potassium treatment causes the greatest change in G1. No 14 A 
reflection remains and only weak ones persist at 7 A, 4.7 A, and 3.5 A rep- 
resenting a minor amount of chlorite mechanically mixed with the vermic- 
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ulite and biotite. The increased intensity of the 10 A reflection results 
from nicely collapsed vermiculite indicating that there was no mixed 
layer structure in the original sample. The most interesting peak appear- 
ing in this run is at 17.52° 26 (5.057 A). Most normal biotites havea 5 A 
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Fic. 10, X-ray diffraction diagrams of five copper vermiculites from Northern 
Rhodesia after treatment with potassium chloride. 


reflection of zero or nearly zero intensity. In this run the intensity is 11 
(Ind =100). The author has attributed this to the presence of copper 
ions in the intersilicate position among the potassium ions. A 5 A peak of 
6 intensity appears in the diffraction pattern of RA7 after potassium 
chloride treatment suggesting a similar situation for that sample. 

When synthesized copper vermiculite was treated with molar potas- 
sium chloride at 100° C., the potassium did not replace the copper and no 
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collapse took place. It is believed that some magnesium must be present 
along with the copper before potassium can enter the lattice and cause 
collapse. The synthesized copper vermiculite formed in a solution con- 
taining no cations but copper. Therefore, the material which resulted was 
a pure copper vermiculite with no magnesium. The natural copper vermic- 
ulites had access to magnesium and seem to have assimilated enough 
magnesium to permit collapse when subjected to the potassium chloride 
treatment. 


COMPOSITION OF COPPER VERMICULITE 


There are three specimens of copper vermiculite which are uncom- 
plicated by chlorite or interstratification. They are the two synthesized 
copper vermiculites and G1. These three specimens have 7 A reflections 
which are about one third the intensity of the 14 A reflections (Table 5). 


TABLE 5 

Specimen T7/Tu 
Mg Vermiculite 0.080 
Vermiculite+Cu 0.346 
Gl Onoai 
Biotite+Cu 0.380 
RA6 0.625 
RAS 0.877 
Chlorite 2.500 


According to structure factor calculations (Fig. 11), these three speci- 
mens have about 0.8 copper ions per ten oxygen atoms. This is corrobo- 
rated by the 10% copper analysis for the synthesized copper vermiculites. 
G1 would probably have a comparable copper content were it not diluted 
by biotite. 

Previous workers (Barshad, 1948; Walker, 1956) have found less than 
0.5 magnesium ions per ten oxygen atoms in the vermiculite exchange 
position. One should expect 0.5 or less if magnesium or cupric copper is 
substituting stoichiometrically for potassium in biotite which has one 
potassium ion per ten oxygen atoms. 

The high copper content of the specimens mentioned above is ac- 
counted for by the influx of hydroxyl ions with the cupric ions as they 
enter the exchange position. The hydroxyl ions attach themselves to the 
cupric ions leaving the solution acid. The molar cupric chloride used in 
the synthesis of copper vermiculite has a pH of 3.0 while the molar mag- 
nesium chloride has a pH of 6.1 (the pH of the distilled water used in the 
preparation of the solutions). The tenacity of the copper in the vermicu- 
lite lattice which makes the commercial recovery of the copper so dif- 


COPPER VERMICULITES 1131 


5000 
4000 
3000 


F2 
2000 


1000 


| 2&3 HS Ger Bolo fd Pets Gx” & S ke 
Cu lons per 10 Oxygen Atoms Mg lons per 10 Oxygen Atoms 
123 28956 72 Ss) I@ MN 

Weight Percent of Copper 


Fic. 11. F? (theoretical intensity) as a function of the copper and magnesium 
content of the exchange position of vermiculite. 


ficult may be attributed to the presence of the hydroxy] ions. 
The following general formula for simple copper vermiculite is sug- 


gested: 
Cuo.s(Mg, Fe)3(Al, Sis)O10(OH) 2: *H2O (OH) o.¢ 
It differs significantly from the general formula for magnesium vermic- 


ulite: 
Mgo.s(Mg, Fe)3(Al, Si3)O;0(O0H)2:«H2O 


Although it can be shown by differential thermal analysis, exfoliation, 
and direct weight measurements that both RAS and Nchanga contain 
considerable amounts of H,O, the other dehydration techniques indicate 
a large percentage of OH~ in the intersilicate position. In these samples 
the copper ions must be hydrated to a large degree by OH ions rather 
than H,O, in which case they verge on being copper chlorites. Thus, there 
appears to exist a complete series from copper vermiculite which contains 
no more OH~ than is indicated by the formula given above to copper 
chlorite, in which the copper is hydrated by OH™ to the exclusion of 
H.O. The samples dealt with have been termed copper vermiculites be- 
cause they all contain significant quantities of loosely bound inter- 


silicate water molecules. 
CONCLUSIONS 


X-ray diffraction studies and dehydration procedures have shown that 
the copper bearing micaceous materials from Africa contain vermiculite. 
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The flakes of vermiculite contain microscopic red and yellow inclusions 
which have been identified as hematite and goethite. The paucity of 
recognizable copper minerals even among the microscopic inclusions in 
the vermiculite flakes suggests that the copper is contained within the 
vermiculite lattice. Ion exchange experiments show that copper enters the 
exchange position of vermiculite. X-ray diffraction diagrams reveal cer- 
tain similarities between synthesized copper vermiculite and the copper 
bearing micaceous materials from Africa which indicate that the samples 
from Africa contain copper within the exchange position of the vermic- 
ulite. 

The ion exchange procedures used to synthesize copper vermiculite 
were carried out in molar solutions at 100° C. so that the reaction would 
take place in a reasonable length of time. These processes, however, would 
take place in more dilute solutions and at lower temperatures over longer 
periods of time. This and the fact that copper vermiculites are found in 
the oxidation zone suggest a low temperature supergene origin. Roy and 
Romo (1957) have indicated that vermiculite can form only under condi- 
tions of low temperature and pressure. 

The samples of copper vermiculite from Northern Rhodesia are be- 
lieved to have formed when copper solutions percolating through the 
oxidation zone encountered mixtures of biotite, chlorite, quartz, and 
tremolite reacting with the biotite to form copper vermiculite in varying 
mixtures with the other minerals. 
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HEINRICHITE AND METAHEINRICHITE, HYDRATED 
BARIUM URANYL ARSENATE MINERALS 


EUGENE B. Gross* anp ALICE S. Corey,** U. S. Alomic Energy 
Commission, Grand Junction, Colorado 
RicHarp S. MircHett, University of Virginia, 
Charlottesville, Virginia 
AND 
Kurt WatentA, Institut fiir Mineralogie und Kristallchemie, 
Stuttgart, Germany. 


ABSTRACT 


Heinrichite, Ba(UO»)2(AsOs)2: 10-1220, and metaheinrichite, Ba(UOz)2(AsOu)2: 8H2O, 
occur as tabular, yellow to green, fluorescent, transparent to translucent crystals belonging 
in the tetragonal system. Optically the minerals are uniaxial (—), sometimes anomalously 
biaxial with 2V up to 20°. The refractive indices of heinrichite are: »=1.605+0.002 and 
e=1.573+0.002. Those for metaheinrichite are: w=1.637+0.001 (1.641+0.002 for the 
mineral from the Black Forest, Germany) and «=1.609+0.002. The calculated specific 
gravity of metaheinrichite is 4.09 and the measured specific gravity is 4.04. The space 


° 


group of metaheinrichite is P4:, P42/m, or P4922; ao=7.07 A, co=17.74 A, 
and do:¢9=1:2.509, Z=2. 

The minerals have thus far been found near Lakeview, Oregon, and in the Black Forest 
of Germany. They are named for Professor E. William Heinrich, University of Michigan. 


INTRODUCTION 


In his description of the uranium deposits of the central Black Forest, 
Germany, Kirchheimer (1952, p. 56) mentioned a yellow secondary ura- 
nium mineral which he called meta-uranocircite or a similar barium uranyl 
arsenate. Biiltemann (1954, p. 160) confirmed this, stating that he found 
small crystals of a secondary uranium mineral containing barium, urani- 
um, arsenic, and water on specimens from the Anton mine. Walenta made 
a more thorough investigation of the Black Forest material which he 
described in an unpublished, preliminary report (Walenta, 1958). 

In 1956 specimens of a mineral from the White King mine, Lakeview, 
Oregon, originally believed to be novacekite, were sent to the Mineralogy 
Laboratory, U. S. Atomic Energy Commission, Grand Junction, Colo- 
rado, by E. K. Thurlow, Salt Lake Exploration Branch, Atomic Energy 
Commission, and H. B. Wood, Geologic Branch, Atomic Energy Com- 
mission, Grand Junction. A spectrographic analysis of this mineral 
showed the presence of major amounts of barium, uranium, and arsenic. 
The material studied in the Atomic Energy Commission Mineralogy 


Laboratory was taken from ore shipped to Climax Uranium Company, 
Grand Junction. 


* Present address: 755—15th St., Boulder, Colorado. 
** Present address: Box 17, Ouray, Colorado. 
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In his preliminary report Walenta called the minerals sandbergerite 
and metasandbergerite (Walenta 1958, pp. 4-7, Guillemin and Permin- 
geat, 1958, pp. 68-69). Simultaneously Gross, Corey, and Mitchell named 
the minerals heinrichite and metaheinrichite, for Professor E. William 
Heinrich, Department of Mineralogy, University of Michigan. The names 
heinrichite for Ba(UOs:)2(AsO,).:10-12H,O and metaheinrichite for the 
lower hydrate with 8H,O have since been accepted by all the authors. 

Both hydrates are common in the Black Forest material. Only traces 
of the higher hydrate were found during the study of the minerals from 
Oregon because heinrichite dehydrates readily to metaheinrichite and the 
laboratory investigations took place under conditions of low relative 
humidity. Only freshly broken crystals showed the lower refractive in- 
dices and these fragments very shortly dehydrated. 


OCCURRENCE 


Heinrichite and metaheinrichite are found in the White King mine: 
sec. 30, T. 37 S., R. 19 E., approximately 14 miles northwest of Lake- 
view, Lake County, Oregon (Fig. 1). The minerals coat fractures and line 
vugs in light gray, altered, silicified rhyolite tuff. They are present at or 
near the surface, while at greater depth the uranium wea is coffinite, 
which is associated with orpiment and realgar. 

In the central Black Forest, heinrichite and metaheinrichite have thus 
far been discovered at three different localities: Wittichen (Sophia mine), 
Anton mine near Schiltach, and Reiherzau. They occur as small crystals 
and coatings of scaly aggregates on granite and on the gangue minerals, 
barite and quartz. They are formed from the alteration of pitchblende, a 
primary constituent of the Co-Ni-Bi-Ag-U veins of the region, and are 
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Fic. 1. Map of Lakeview, Oregon, and vicinity, showing location of 
the White King mine. 
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associated with other secondary uranium minerals, mainly zeunerite and 
novacekite, and with erythrite, arseniosiderite, and pitticite. 


PHYSICAL AND OPTICAL PROPERTIES 


The physical appearance of heinrichite and metaheinrichite crystals 
(Fig. 2) is identical. The crystals are transparent to translucent and yel- 
low to green in color and have a vitreous to pearly luster. The minerals 


Fic. 2. Tabular crystals of metaheinrichite in vug from Oregon. X50. 


fluoresce bright green to greenish yellow under short and long wave ultra- 
violet light. 

The crystals from Oregon are tabular {001} and are up to one mm. ona 
side, and not more than 0.1 mm. thick. Cleavage is perfect on {001} and 
distinct on {100} (Fig. 3). The forms observed are {001}, {100}, and 
{110}. Crystals from the Black Forest show the same cleavage and the 
same forms, but in part are elongated along a horizontal axis so that in 
their aspect they resemble the monoclinic bassetite crystals described by 
Frondel (1954, p. 348). 

The hardness is 2.5. The calculated specific gravity of metaheinrichite 
is 4.09. A specific gravity of 4.04 was measured on material from Oregon 
dried at 110° C. using kerosene and a 10 ml. Leach pycnometer. Repeated 
grindings and separations using acetylene tetrabromide failed to elimi- 
nate a small percentage of host rock so that the measured value is slightly 
lower than the calculated one. Attempts to measure the specific gravity of 
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TABLE I. Optical PROPERTIES OF HEINRICHITE AND METAHEINRICHITE 


Black Forest 


Oregon 


Heinrichite 


Refractive indices Pleochroism 


Refractive indices Pleochroism 


w=1.605+0.002, pale yellow 
e=1.573+0.002, colorless 
Uniaxial (—), sometimes anomalously bi- 


e=1.574+40.001, colorless 
Uniaxial (—), sometimes anomalously bi- 


axial with 2V up to 20°. axial. 
Metaheinrichite 
w=1.641+0.002, pale yellow w=1.637+0.001, pale yellow 


e=1.609+0.002, colorless 
Uniaxial (—), sometimes anomalously bi- 
axial with 2V up to 18°. 


e=1.609+0.001, colorless 
Uniaxial (—), sometimes anomalously bi- 
axial with 2V up to 10°. 


the Black Forest minerals failed because of the small amount of material 


available. 


The optical properties of heinrichite and metaheinrichite are given in 


Table I: 


a €3 s 


Fic. 3, Cleavage fragments of metaheinrichite from Oregon lying on (001), 
showing traces of (100) and (010) cleavages. 100. 
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COMPOSITION 


Two semi-quantitative spectrographic analyses of metaheinrichite from 
Oregon are given in Table II. The results agree closely with those of the 
chemical analysis (Table III). No phosphorus was detected in the hein- 
richite and metaheinrichite from the Black Forest, but a small quantity 
of copper was detected in some crystals. 

The ideal formula for metaheinrichite, Ba(UOy,)2(AsOx.)2:8H2O, was 
derived from the recalculated chemical analysis given in Table IV. It 


TABLE IT. SEMI-QUANTITATIVE SPECTROGRAPHIC ANALYSES OF 
METAHEINRICHITE FROM OREGON 


(1) (2) 


Element 

% % 
Si 50) eS 
Al 56) 33 
Fe SiS : 1 
Me .03 003 
Ca 07 1 
1p 125 10) 
Na — <.01 
K — .003 
Ti — OOL 
Mn —_ .003 
As M M 
Ba M M 
Bi < ail — 
Cu 07 .003 
Pb off LO) 
Sb <i < 
Sr = 003 


M: Major constituent, greater than 10%. 

—: Not looked for. 

Looked for, but not detected: Ag, Au, B, Be, Cd} Cex Contr, Cs, Dyn erabinGasGd 
Ge, Hf, Hg, Ho, In, Ir, La, Li, Lu, Mo, Nb, Nd, Ni, Os, Pd, Pr, Pt, Rb, Re, Ru Se Sn, 
Sm, Ta, Tb, Te, Th, Tl, Tm, V, W, Y, Yb, Zn, Zr. ee 

(1) Analyst, Nancy Conklin: U. S. Geological Survey, Denver, Colorado. Figures are 
reported to the nearest number in the series 7, 3, 1.5, 0.7, 0.3, 0.15, etc. in per cent. Sixty 
per cent of the reported results may be expected to agree with the results of quantitative 
methods. 

(2) Analyst: Katherine V. Hazel, U. S. Geological Survey, Washington, D. C. Figures 
are reported to the nearest number in the series 10, 3, 1, .3, etc. in per cent. Eighty per cent 
of the reported results may be expected to agree with the results of quantitative methods. 
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was assumed that some phosphorus has substituted for arsenic, and 
calcium for barium. The phosphorus and calcium were therefore re- 
calculated as arsenic and barium respectively. 

The portion insoluble in (1+3)HCI is rhyolite tuff carried down by 
metaheinrichite in the heavy separation. The role of lead and carbon 
dioxide is not known and they were also eliminated in the calculation of 
the ideal formula. It is assumed that most, if not all, of the H,O(—) 
(Table III) is zeolitic or adsorbed water since the material dried at 110° 
C. gives an x-ray powder pattern identical to that of the undried material. 


TABLE III. CHEmMicaL ANALYSIS OF METAHEINRICHITE FROM OREGON 
Analyst: Robert Meyrowitz, U. S. Geological Survey 


Constituent % Note 
BaO 1823) e, ht 
UO; S2h5 d,h 
AsO; 15.8 1 
P.O; Wes We h 
PbO 0.9 Gh 
CaO Osi g, ht 
CO: 0.6 gy) 
Insoluble, (1+3) HCl 2.4 b,h 
Total 100.2 
H:O(—) 10.6 a,h 


Notes: 


a. 
b. 


n 


Dried to constant weight at 110+5 degrees C. 

Insoluble determined by dissolving sample with cold (1+3) HCI. Residue filtered, 
washed with dilute HCI and water, and weighed to constant weight at 110+5 de- 
grees C. 

Lead determined as sulfate following separation as PbS after removal of arsenic. 
Uranium determined spectrophotometrically by ammonium thiocyanate procedure 
in acetone-water medium. 

Barium separated and determined as sulfate. 

Phosphorus determined spectrophotometrically by molybdenum-blue procedure us- 
ing stannous chloride as reducing agent. 

Calcium determined by flame photometry (wave length =554 my). 

Sample size for H»O(—), (1+3) HCl Insoluble, PbO, UOs, BaO, P205, and CaO de- 
terminations was approximately 52 mg. 

Arsenic separated by distillation as AsCls, following reduction by hydrazine sulfate 
and potassium bromide, and determined by titration with potassium bromate using 
p-ethoxychrysoidine as indicator. Sample size was approximately 29 mg. 

CO» and H:O determined by use of a microcombustion train, after decomposition 
of sample by ignition at 900 degrees C. in a stream of oxygen. Sample size was ap- 


proximately 30 mg. 


The procedures used were selected on the basis of the semiquantitative spectrographic 
analysis by Katherine V. Hazel, given in Table IT. 
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TABLE IV. CORRECTED ANALYSIS OF METAHEINRICHITE FROM OREGON 


Il 
I Caer Til 
‘ nalysis 
Constituent Corrected Analysis! eee 100% Ba(UO2)2(AsO4)2° 8H20 
% % 
% 
BaO oO) 13.9 13.94 
UO; VES : 52.05 
As:Os 19.7 20m 20.90 
H2O0 Dep 1255 13) 1 
98.0 100.0 100.00 


Total 


1 Analysis of Meyrowitz (Table ID), after elimination of PbO, COs, and Insoluble, with 
PO; calculated as AsxO; and CaO calculated as BaO. 


Metaheinrichite is a member of the torbernite group. Table V gives a 
comparison of metaheinrichite and its analog meta-uranocircite, another 


member of the group. 


No chemical analysis was carried out on heinrichite. The formula, 
Ba(UOz)2(AsOx)o: 10-12H2O, is assumed on the basis of the similarity of 
its x-ray powder pattern to that of zeunerite, Cu(UOz)2(AsOz)2:10—-12H20. 


TABLE V. COMPARISON OF DATA FOR METAHEINRICHITE 


AND META-URANOCIRCITE 


Metaheinrichite 


Meta-uranocircite 


Composition 


Specific gravity 


Optical 
Space group 


Cell values 


ao: Co 


Z 


Ba(UOz2)2(AsQOu,) 2° 8H2O 


4.09 (calc.) 
4.04 (meas.) 


Uniaxial (—) 


P4., P4o/m, or P4.22 


a= 7.07 A 
co=17.74 A 
1:2.509 

2 


Ba(UOd»)2(POx)2 -8H.O! 


4.10 (calc.)? 
4.08 (meas.)? 


Uniaxial (—) 
P4522 


do= 6.98 At 
co= 16.85 A 


1:2.4164 


24 


' Called “meta-uranocircite” by Strunz (1957). 
* Data from Donnay and Donnay (1955). 

* Data from Nuffield and Milne (1953). 

* Data from Strunz (1957). 
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X-RAY DATA 


Fragments of Oregon metaheinrichite exhibiting {001} and {100} 
cleavages were easily oriented for «x-ray study. Good a axis rotation 
photographs as well as 0-/, 1-/, 2-1, and 3-1 Weissenberg photographs were 
made using a camera of 5.73 cm. diameter and unfiltered Cu radiation. In 
addition to these, ¢ axis 0-/, 1-/, and 2-1 precession photographs were made 
using the same radiation. A study of these films showed that the system 
is tetragonal. The space group appears to be either P4:, P4ym, or P4,22, 
since the only characteristic missing reflections are 00/ when /#2n. At 


TABLE VI. X-RAY PowpER Data ON METAHEINRICHITE FROM OREGON 


hhl ae no I bbl aes ee I 
002 8.87 8.90 vs 118 2.03 2x02 mw 
100 7.07 7.08 Ww 127 1.98) 1.97 7" 
101 6.57 6.56 mw 305, 230 1.96f 
102 08) 5.54 ms Zoi 1.95 1.95 any 
110 5.00 4.99 m 232, 226 1.91 1.92 Vw 
fetid 4.81 4.81 Ww 233 1.86 1.86 W 
004 4.44 4,42 ms 234 1.79 rh) vw 
104 3.76 SHS s 00-10, 400 aa 
200 Snot BSS) ms 401 1.76 1.76 W 
201 SA Cee mw ira/2 W 
202 3.28 3.28 ms 1.67 mw 
105 Bolla Soil7 vw 1.64 vw 
203 3.03 3.05 Ww 1.60 VVW 
122 2.98 2.98 m 1.58 mw 
115 2.89 2.89 VVW 1255 vw 
123 2.19 2.79 mw 15S VVW 
106 DAS DY mw 1.48 W 
124 Dosw DSH Ww 1.45 W 
205, 220 2.50 2.49 mw 1.42 W 
Mp) 2.41 2.41 mw 1.39 VW 
oe) = 1.38 Vw 
ey oa Ze a 1.36 VVW 
302 IE DRS 2.28 VVW 1.34 VVw 
131, 008 YY YD Pe m Gill W 
224 2.18 1.28 VVw 
132 Dali Daalvii mw i) PH vw 
126 2.16 (LS) W 
108 Di MP2 Dele VW 1225 W 
133 2.09 22 Vw 
304 2.08 2.08 vw 


vs very strong, s strong, ms medium strong, m medium, mw medium weak, w weak, 


vw very weak, vvw very very weak. 
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first the /R0 reflections also appeared to be missing when h+k#2n, but 
closer inspection revealed that some of these reflections are present, 
though weak. Approximate unit cell values, which were of great value in 
the initial indexing of powder films, were also obtained from these single 
crystal films. 


Taste VIL. X-Ray PowpER Data ON HEINRICHITE AND 
METAHEINRICHITE FROM THE BLACK FOREST 


Heinrichite 
d(obs.) AI d(obs.) A I d(obs). A I 
8.89 8 D595 5 1.593 2 
5.03 8 Desi! 5 1.534 2 
4.50 1 1.94 1 1.204 2 
Bron 10 1.868 1 1.164 2 
388 7 1.802 1 1.150 2 
ait 1 1.733 1 1.126 2 
2.53 2 1.679 1 


Except for the strongest lines in the first part of the photographs, the lines are rather diffuse. 


Metaheinrichite 


9.26 a By 4 1.481 3 
S05) 10 oN 2 1.449 2 
5.41 9 2.48 1 1.422 3 
4.96 2 2.41 4 1.385 2 
4.36 9 1 fide S LeU 1 
Soll 10 Tels) + 1.276 1 
SO 5 2.10 1 1253 2 
3.45 1 2.02 5 12374 2 
SoA 6 1.966 1 1.218 1 
$5 IS) 1 1.763 3 1.179 eZ 
SAO 1 1.709 2 etal 2 
2.96 3 1.676 5 1.110 2 
Dao 1 1.579 5 1.098 2 


The measured x-ray powder data on Oregon metaheinrichite, listed in 
Table VI, represent the average of values obtained from three films made 
with CuKa radiation in three different cameras, each with a diameter of 
11.46 cm. After the films were partly indexed, using approximate unit 
cell values determined from single crystal data, the co and ap constants 
were further refined using the powder data. The final values obtained are 
ao=7.07 A and co=17.74 A, with aoico=1: 2.509. Using these values an 
excellent correlation was obtained between the observed and calculated d 
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spacings. In the study all possible d values down to 1.21 A were calcu- 
lated. This resulted in a list of 192 A&/ reflections. In Table VI only cal- 
culated values down to 1.76 A are included. Beyond this point the num- 
ber of calculated values which corresponds to any one observed value is 
so large that the inclusion of these data seems pointless. All values ob- 
served for the films have their corresponding calculated values except 
for an extremely weak reflection at 4.09 A which was not on all the films 
and which is probably due to an impurity. Using a molecular weight of 
1099.32 for Ba(UO2)2(AsOxs)2:8H2O and a measured specific gravity of 
4.04, with the unit cell dimensions determined by a-ray study, it was 
determined that Z=2 (calculated value, 1.96). 

X-ray powder data for heinrichite and metaheinrichite from the Black 
Forest are given in Table VII. These films were obtained using FeKa 
radiation and a camera of 5.73 cm. diameter. Most of the differences be- 
tween the data for metaheinrichite from the Black Forest and that from 
Oregon are smaller than possible error in line measurement. 

The similarity between the x-ray data for metaheinrichite and its 
analog meta-uranocircite is illustrated in Table V. 
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FIRST KNOWN OCCURRENCE OF INYOITE IN A PLAYA, 
AT LAGUNA SALINAS, PERU? 


Srecrriep Muessic U.S. Geological Survey, Spokane, Washington. 


ABSTRACT 


Inyoite (Ca2BsOu - 13H2O) is here reported from near the surface of the borate playa, 
Laguna Salinas, Peru. The mineral occurs as crystal aggregates in a discontinuous bed up 
to 15 cm thick beneath a ulexite-bearing bed near the edge of the playa. The inyoite is 
the first established occurrence of a calcium borate in a playa. The mineral is primary at 
this place and was probably formed at about the same time as the enclosing muds. 


The first known occurrence of the borate mineral, inyoite (CazBsOu1- 
13H,0), in a playa is in the Laguna Salinas, Peru. The inyoite was prob- 
ably formed at about the same time as the enclosing playa muds and is 
primary rather than being an alteration product of another borate. 

Laguna Salinas* is a borate playa, or salar, that lies at an altitude of 
about 14,000 feet, about 40 miles east of Arequipa, Peru. The playa 
occupies an enclosed basin that is underlain by young volcanic rocks of 
andesitic and dacitic composition (Jochamowitz, 1907). The black and 
olive-brown muds at the playa surface are covered during much of the 
year by an efflorescence, which according to Jochamowitz is composed of 
halite and thenardite. At depths of 5 to 15 cm. below much or all the 
playa surface there is a white volcanic ash bed as much as 15 cm. thick. 
The bed is probably part of the ash that was deposited during the explo- 
sive eruption of one of the neighboring volcanoes in 1600 and covers 
much of the surface of the Arequipa region (Jenks, 1948). Under the ash 
bed are layers of sandy black mud that contain nodules and irregular 
layers of ulexite (NaCaB;O,-8H2O), the common mineral of the South 
American borate playas. The ulexite layers range from a few centimeters 
to 2.5 m. in thickness. So far as I know, no other ulexite-bearing beds have 
been found at greater depth in the playa. The inyoite lies below the ulex- 
ite-bearing bed near one edge of the playa; elsewhere the ulexite beds 
are underlain by olive-brown mud. 

The inyoite occurs predominantly as crystal aggregates in a discon- 
tinuous but compact layer up to 15 cm. thick near the eastern edge of the 
playa near the Tusca hot spring. Some of the inyoite also occurs as tiny 
clear pseudorhombs disseminated in the mud accompanying the bed of 
crystal aggregates. The bed has an extent of a few acreas and lies about a 
meter below the surface in structureless black mud; within the mud and 
above the inyoite bed are irregularly shaped and unevenly distributed 


Publication authorized by the Director, U. S. Geological Survey. 
* The following stratigraphic description of the playa is based on the detailed logs of 
regularly spaced exploration pits and on maps obtained by me from private sources. 
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lenses and masses of ulexite. The volcanic ash lies above, interspersed 
with black mud, and covered by efflorescent salts. No inyoite occurs 
along the extreme edge of the playa. 

Figure 1 shows one of the inyoite crystal aggregates. They are clouded 
by inclusions of the mud in which they lie. The crystals are well-formed 
pseudorhombohedrons, intergrown in cockscomb-like fashion. The basal 
pinacoid (001) and the prism (110) are the dominant forms, modified in 
some crystals by small but perfectly developed pyramids (111). In form, 
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Fic. 1. Crystal aggregates of inyoite from Laguna Salinas, Peru. 


the crystals are identical with those described by Schaller (1916) from the 
type locality in Death Valley. The indices of refraction (in white light), 
compared with those reported by Schaller, are: 


Peru California 
X 1.492 +0.003 1.495 
Weil 052 OR003 il oeul 
DNs 0),003 1.520 
2V_ Est. 70°-80° 70° 
Biaxial negative (—) Biaxial negative (—) 


Inyoite and ulexite have essentially the same indices of refraction; how- 
ever, ulexite is biaxial positive (+) and has a distinctive fibrous habit. 
The occurrence of inyoite is significant in two respects: (1) It is the 
only known occurrence of inyoite in a recent playa. Inyoite is the high 
hydrate of the colemanite series and it is therefore now known in an 
occurrence analogous to that of ulexite and borax, both the high hydrates 
of their respective mineral series. (2) This may be the first established 
occurrence of any calcium borate in a recent playa. Colemanite 
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(CavBsOu:5H.O) has been reported from Salar Cauchari, Argentina, 
(Catalano, 1926) but more recent work in the same area by Ahlfeld and 
Angelelli (1948) and the writer suggests that the reported occurrence 
did not come from the salar but rather from the folded bedrock deposits in 
the same area. Foshag (1921), in a discussion of the physical and chem- 
ical conditions existing in playas, concluded that no calcium borates will 
form in them, as any calcium in solution will be fixed in the sodium- 
calcium borate, ulexite; the Peruvian occurrence of inyoite shows, how- 
ever, that a calcium borate can form in playas, under surface or near- 
surface conditions of temperature and pressure. 

The inyoite of the Salinas occurrence is primary, rather than being an 
alteration of an earlier borate mineral. This cannot be proved, of course, 
short of seeing the mineral actually growing in place. However, the facts 
that the inyoite has its own crystal habit rather than being pseudo- 
morphous, and that so far no relicts of other borates have been recognized 
in the crystals convince me that the inyoite is the first-formed (primary) 
borate at this place. There seems no question that the crystals grew in the 
mud, and are therefore epigenetic if considered on a strict time scale, but 
on a grosser time scale the mud and the crystals formed at about the same 
time and in that sense can be considered syngenetic. That the inyoite is 
found only near a hot spring suggests that the constituents of the spring 
water were responsible at this place for the fixing of boron as inyoite 
rather than as ulexite. Moreover, if the ash bed is correctly dated, the 
inyoite could be very young. | 

The inyoite occurrence seems analogous to that of natron (Na:CO3- 
10H.O) in the alkaline lakes (wet playas) of British Columbia (Goudge, 
1926). In these lakes natron occurs as surficial crusts and layers, which 
form during the winter and are called ‘winter crystal,’ and also as tiny 
euhedral crystals in the muds. According to Goudge the surficial natron 
dissolves in the spring, whereas the crystals do not. It seems obvious that 
the natron crystals in the mud are primary, as are the natron crusts, 
which form annually, and hence can almost be seen “actually growing in 
place.” 
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PHOSPHATE MINERALS OF THE BORBOREMA PEGMATITES: 
II—BOQUEIRAO 


JosepH Murvocu, University of California at Los Angeles. 


ABSTRACT 


The “alto”? Boqueirao is a typical zoned pegmatite of the heterogeneous type, which 
carries some unusual minerals besides those of the normal beryl-tantalite assemblage. 
Among them are minor amounts of uraninite, altered in part to uranophane and other 
secondary compounds; native bismuth. Lithiophilite and many secondary phosphates 
appear as usual in the general inner portion of the pegmatite near the quartz core. Among 
these phosphates appear a pink variscite (carrying minor beryllium); metastrengite as 
sometimes showy blue coatings of minute crystals; huréaulite and minor tavorite as coat- 
ings on fractures of lithiophilite; stewartite, massive or in rare crystals; mitridatite (a 
hydrous calcium iron phosphate), in deep red blades, or very fine grained masses yellowish 
to greenish in color. A new mineral, chavesite is described. It is a hydrous calcium man- 
ganese phosphate, occurring as thin platy crystals coating lithiophilite, and associated 
with huréaulite and tavorite. Triclinic, ao 5.49 bp 13.07, co 5.79; a 91°183’, B 108°3’, y 99°44’. 
The powder pattern resembles that of monetite, with which it may be isostructural. The 


stronger powder lines have the following spacings and intensitiés: 3.35 A-10, 3.023 A-2, 
POSS (N38) FAN AED: 


INTRODUCTION 


This is the second in a projected series of reports on the phosphates and 
associated minerals from the complex, lithium-bearing beryl-tantalite 
pegmatites of Northeastern Brazil. Their general position is shown on the 
key map (Fig. 1). The first report was on the ‘“‘alto”’ Patrimonio, Murdoch 
(1955) and the present one describes the occurrence at the “alto” 
Boqueirao. The general geologic setting, described in some detail by 
Johnston (1945) and others, is the same for both deposits: complex peg- 
matites intruded into a pre-Cambrian complex and exposed by erosion 
of the rock cover to form the Borborema ‘‘planalto’’—a more or less well 
developed peneplane of possibly Cretaceous age, standing now at an 
elevation of 500 to 550 meters above sea level. In the States of Paraiba 
and Rio Grande do Norte, later erosion has lowered the earlier surface so 
that the pegmatites stand up in relief on it, hence the name “alto” given 
to their outcrops. Even in Ceara, where there has been no such differential 
erosion, the name is still applied. The Pre-Cambrian rocks are largely 
gneisses and mica schists (the Seridé schist), which shows no pronounced 
regional trend, striking sometimes northwesterly, sometimes north- 


easterly. 
BOQUEIRAO 


The “alto” Boqueirao lies at the northern summit of a ridge reaching 
an elevation of about 300 meters above the surrounding territory, some 
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three kilometers southeast of the town of Parelhas, in the State of Rio 
Grande do Norte (see index map, Fig. 2). The following description is 
taken largely from Johnston (1945). Exposed contracts are nearly every- 
where practically vertical. The outcrop is some 240 by 25 meters, pinch- 
ing out to the west, and cut off sharply by the steep slope of the ridge to 
the east. Johnston’s zone II (coarse textured quartz-feldspar) with con- 
siderable black tourmaline, composed about half the outcrop. His zone 
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Fic. 1. General map of area. 


III (very large crystals), has huge microclines, partially kaolinized The 
quartz core is multiple, and the various patches are made up largely of 
milky quartz, with occasional vugs carrying euhedral quartz crystals 
up to 200 kilograms in weight. The occasional phosphates occur, as is 
normal, in the third zone, and often close to the core. The following 
minerals are reported: arrojadite, vivianite, spodumene, lepidolite, 
rhodonite (?), pitchblende and its alteration products, metallic bismuth 
with bismutite, and some chalcocite. These are in addition to the usual 
quartz-feldspar mixture, with beryl, tantalite, muscovite, etc. Of these no 
arrojadite, rhodonite or chalcocite were observed by the writer. The 
“arrojadite” is presumably represented by lithiophilite and its alteration 
products (sicklerite etc.); the ‘‘vivianite” is apparently metastrengite, 
and the rhodonite (?) is probably a pink variscite which was observed in 
some of the alteration products. Several other minerals were observed 
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by the writer, and are included in the descriptive list. The series of altera- 
tion products of lithiophilite form an interesting group, essentially the 
same as that described from Patrimonio. 

SpopUMENE is not abundant, and is commonly altered to a fine 
grained mica (probably muscovite), associated with fine grained botryoi- 
dal growths of cookeite. 

LEPIDOLITE is sparingly present as rather fine grained aggregates, 
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Fic. 2. Detailed map of area. 


occasionally forming masses with curved surfaces, and associated with 
platy albite. Small prismatic grains of apatite have been seen in this 
association. 

TANTALITE, apart from the commercially large masses, is occa- 
sionally found in the quartz-feldspar aggregate as small crystals of man- 
gano-tantalite. A few tabular crystals of columbite appear in a similar 
matrix. 

BIsMUTH, as the native metal, has been found sparingly as grains or 
occasionally fair sized rough crystals interstitial to quartz, and associated 
with coatings and patches of secondary bismutite. 

UrANINITE. This has been reported as pitchblende, but one rough 
octahedral crystal was collected by the writer. This crystal is encrusted by 
a series of secondary minerals in thin concentric layers, and showing 
roughly three distinct zones. The outermost of these is uranophane, the 
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next an undetermined uranium mineral, or perhaps a mixture, in a num- 
ber of thin, slightly varied layers, and the innermost perhaps meta- 
torbernite, although the powder pattern does not match too closely. In 
addition, a dark red mineral appears in thin veins in the uraninite, and is 
possibly soddyite. An analysis of the uraninite is given in Table I. Other 
oxidized uranium minerals, mainly meta-torbernite and meta-autunite, 
were found in minor amount, usually as powdery or poorly crystallized 
coatings on columbite. 


TABLE 1. CHEMICAL ANALYSES 


1 2 3 
U;O3 91.40 FeO; 1.00 FeO 1.97 
PbO 5.92 FeO 13223 FeO; 40.38 
CuO 04 MgO elit ALLO; 1.20 
BisO; 015 CaO a4 P20; 39.18 
FeO 026 MnO 29.80 Mn,0s _ 
ALO; 30 P05 45.00 H.0— 17.42 
TiO; .005 Li,O 8.68 H,O+ 198 
CaO -02 98 .96 100.35 
Na.O .03 
SiO, oh 
MnO (Lik 
H,O+ E76 
H,O— 54 

100.37 


1. Uraninite, analysts, Johnson, Mathey & Co. Ltd. (Zn, Ni, Co, P2O;, As, Sb, Sn not 
detected). 2. Lithiophilite, analyst L. C. Peck. 3. Metastrengite, analyst E. L. Martin. 


VARISCITE. One group of specimens shows a great variety of min- 
erals apparently derived from the complete alteration of lithiophilite 
crystals (as shown by the outlines of the aggregates). These occur in a 
matrix of mixed albite, amblygonite and quartz. One of these minerals 
is variscite, in the form of a transparent crystalline crust, coating fracture 
surfaces and lining cavities. It was identified by optical properties, x-ray 
powder pattern, and crystal form. It varies from colorless through pale 
pink to raspberry red. Spectroscopic tests show the presence of a small 
amount of beryllium. This is in agreement with the findings on the pink 
variscite of the Sapucaia pegmatite (Mrose, priv. commun.) 

MrrripatTite. This rare mineral occurs in these same specimens in 
clear, red bladed grains: also probably fine-grained, massive, yellowish 
brown; and also perhaps in compact, almost earthy form, khaki colored. 
(This is somewhat doubtful, but the powder pattern is at least in moder- 
ate agreement with that of mitridatite.) 
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METASTRENGITE occurs as crusts, finely crystalline, and ranging 
in color from nearly white through pink to pale blue in this series of speci- 
mens. It also occurs in considerable amount, deep purplish blue, and often 
quite spectacular, as a late product of alteration of lithiophilite in other 
specimens. See Table I for analysis of this mineral. 

BERAUNITE. An orange colored mineral occurring as blade-like grains 
in the variscite specimens, may perhaps be assigned to this species on 
the basis of a closely matching powder pattern. 

ROCKBRIDGEITE. This mineral was found in small amount in dark 
green patches associated with alteration products of lithiophilite, and 
also in the variscite specimens as olive green, minute spherical clusters 
(probably partly altered). 

MANGANITE and CRYPTOMELANE. The end-product of weathering be- 
sides some limonitic powders, is manganese oxide, which is sometimes 
crystalline, with powder pattern matching manganite, or in compact, 
steely masses which seem to be cryptomelane. 

HurfAvLITE. This mineral is rather abundant as colorless or red- 
dish brown crystalline crusts on fracture surfaces and in open spaces, in 
lithiophilite. It not infrequently has small, rather well developed crystals. 

TAvoRITE. Associated with some of the huréaulite, and approxi- 
mately contemporaneous with it, tavorite occurs in yellowish green films 
or clusters of minute radiating crystals. This occurrence is identical with 
that at Patrimonio (Murdoch 1955). 

STEWARTITE. Stewartite is rare, occurring in the outer zone of alter- 
ation of the lithiophilite. Rather poorly developed single crystals enabled 
the writer to make determinations of cell-size and symmetry which agree 
closely with those of this mineral from the Palermo Mine, New Hamp- 
shire, which is in process of study by Miss Mary Mrose. Powder patterns 
of stewartite made by the writer of material from Pala (the original local- 
ity), Palermo, Boqueirao and (quoted from Tennyson, 1956) from Hagen- 
dorf, are in good agreement with each other (see Table 2), and confirm the 
identity of the mineral from all four localities. 

LITHIOPHILITE. This is the principal primary phosphate of the de- 
posit (see Table 1 for analysis), and occurs as very coarse-grained 
aggregates, usually more or less altered to a considerable variety of sec- 
ondary minerals, in general under oxidizing and hydrating conditions. 
Occasional small grains of green gahnite are associated with it, and rarely 
a little pyrite. Surrounding unaltered cores of lithiophilite are successive 
zones of sicklerite and purpurite, derived from the successive oxidation 
of the original mineral, accompanied by hydration and loss of lithium. 
This occurrence shows again the typical sequence which has been ob- 
served at Varutrask, at Patrimonio, Pala and other localities. It is prob- 
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TaBLE 2. X-Ray POWDER PATTERNS OF STEWARTITE 
Fe Rapiation, Mn Fitter. \=1.9373 A 


Pala Boqueirao Hagendorf Palermo 
d I d I d I J I 
10.04 10 10.10 10 9.926 10 10.08 10 
| 8.39 ; = = 8.35 , 
| — 7.44 4 = 7.47 3 
6.73 7 6.75 4 6.751 6 6.75 5 
| 5.88 3 5.93 2 5869 3 5.91 2 
5.035 5 5.03 2 es 5.02 3 
4.877 2 4.85 4 4.817 4b 4.84 2 
4.75 3 4.75 i =e = 
4.65 1 4.64 i a 4.63 2 
4.345 1 ses e 
: 3.925 5 3.94 3 3.935 4 3.96 4 
BESS 4 — 3.84 a 
== = = 3.77 i 
3.59 1 3.59 1 3.602 1 3.618 i 
3.48 z a — 3.453 1 
3.384 2 3.40 1 2 o5l 2 3.392 2 
3.318 3 3/315 1 a 3.313 3 
3.246 1 3.238 4 = 3.247 1 
oe 2 156 1 = zs 
3 115 3 Ay 1 3.118 2 3.128 3 
3.03 4 3.045 2 3.021 3 3.045 5 
2.96 2 2.963 1 2.945 2 2.966 3 
so 2.913 1 a 2.916 4 
2.87 3 2 866 1 2.860 2 2.870 3 
Ee 2.812 1 on 2.813 : 
2.80 1 an = a 
an ; 2.775 y = a 
2.743 1 2.737 i 2.734 2 2.740 1 
2.60 4 2.595 2 2.586 3 2.593 4 
P5556 z oe ee = 
2.489 4° 2 41 2 2.484 : 2.492 4 
ak 2 44. ae as 
et las | 
5 1 2.374 z 1.363 2 2. i 
ou 2.342 i ts 2.337 i 
2.26 1 2.254 1 2.250 2 2.262 1 
oe 2.222 1 ee 2.227 1 
es. 2.182 i 2.194 i 
2.148 A 2.148 i 2.137 2 2.155 : 
2.103 i 2-113 i 2 a 
2.075 a 2.080 : 2.077 2 2.086 } 
2.039 i 2.039 a we 2.052 a 
2.003 2 2.005 1 = 2.008 1 
1.984 2 1.980 1 1.986 3 1.982 ly 
1.956 1 1.934 1 1.923 1 1.933 } 
1.904 i 1.892 i 1.881 1 1886 i 
1.841 2 1.844 i 1.838 1 1.844 i 
1.826 1 1.828 ; 1824 i 
i 1.804 i = 
ee i 1.776 i 1.774 1 
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able that this sequence precedes the formation of huréaulite, since the 
latter is not uncommonly found intimately associated with the altera- 
tion products of sicklerite and purpurite as well as in cracks in the rela- 
tively fresh lithiophilite. 

CHAVESITE. One specimen of lithiophilite shows, on fracture sur- 
faces with huréaulite and tavorite, an intermittent thin colorless crystal- 
line coating which sometimes shows poorly formed individual crystals. 
This appears to be a new mineral, tentatively named “‘chavesite’’ (pro- 
nounced shay-ez-ite), after Dr. Onofre Chaves, an engineer of the 
Brazilian Departamento Nacional da Producao Mineral. It is a hydrated 
calcium manganese phosphate, but not enough material is available for 
a chemical analysis. Hardness is near 3, cleavages, two good, in the prism 
zone, and nearly perpendicular to each other. Optically, biaxial positive, 
with 2V large, and indices a1.60, 61.62, y1.65. Multiple twinning, with 
twin plane parallel to elongation of crystals. Extinction about 30° to the 
twin plane. A cleavage sliver which proved to be a single individual was 
used to determine the symmetry and cell-dimensions. Rotation, and 
Weissenberg equator, first and second layer lines about c show it to be 
triclinic with the following values: 


a=5.49 bp = 13.07 y=, 1® 

a 91° 183’ B 108° 3’ y 99° 44’ 

d 84° 58’ jo 1? 20! vy 78° 00’ Go = 0Es25 yo’ =0.093 
a:bic=1.4200:1:0.4438 


The powder pattern (see Table 3) closely resembles that of monetite, 
and it has been suggested (Mrose, priv. commun.) that chavesite and 
monetite may be isostructural. The x-ray powder pattern can be ade- 
quately indexed using the above values for the elements. 

MINERAL A. One of the variscite specimens shows an unidentified 
mineral, chestnut brown in color, occurring in radiating blades, and with 
one good cleavage. Qualitative tests show it to be an anhydrous (?) iron 
phosphate, with index well over 1.74; extinction parallel to elongation; 
biaxial negative, with 2V large; pleochroic pale to amber brown. The 
powder pattern gives the following spacings and intensities for the 
stronger lines: 3.145-10, 2.405-6, 3.57-5, 3.36-5, 4.744. 

MineErAL B. Associated with tavorite are small, spherulitic aggre- 
gates, greenish white in color, of a calcium manganese phosphate with 
very high index of refraction. It is too fine-grained to make further optical 
determinations. The powder pattern does not appear to match that of 
any published mineral. Spacings and intensities of the stronger lines are 
as follows: 4.67-10, 3.42-5, 3.01-5, 2.52-2. 
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TABLE 3. X-RAY PowbER PATTERN OF CHAVESITE 


Fe Radiation, Mn Filter, \=1.9373 A 


Chavesite Monetite! 


d I hkl d I 
6.33 il 0.20 
5.03 z 100, O11 
4,56 2 ili, 10 
439 3 030 
3.89 4 121 
3.69 1 130 Sa 1 
3.54 1 120 ae 
3.48 4 121 3.47 1 
a0) 10 031, 131 Dole 10 
3.24 4 111 es 
3.18 4 040 a 
Srls 3 121 Sls 3 
3.076? x a os 
3.023 2 111 2.99 9 
2.945 3 130 Ped 
2.87 4 131 — 
Dil 3 Sil — 
2.14 2 002, 041 PMS 8 
Dn NP 2 121 — 
2.66 4 201, 012 a 
2.63 i 210, 012 — 
2.56 3 220, 050 — 
2.489 1 140, 141 2.50 5 
2.305 1 051, 221 DES? 1 
Dees 3 240, 141 2.26 6 
2.198 1 220 DM 2 
DP ASS) 3 151, 160 2.16 2 
2.124 3 060, 150 — 
2.087 1 201, 221 2.10 2 
2.034 il ip; 250 2.04 1 
1.978 1 230, 061 2.00 2 
1.918 2 241 1.93 4 
1.85 2 151, 003 1.86 (6) 
il, A 2 301, 240 1.80 2 
levis 4 O71 — 
iL PS) 3 310, 311 oA 7 
1.685 1 330 1.69 3 
1.657 4 340, 161 1.65 2, 


1 Comparative list of spacings for monetite from Prien & Frondel (1947), p. 949. 
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MINERALOGICAL APPLICATIONS OF 
ELECTRON DIFFRACTION 


I. THEORY AND TECHNIQUES* 


MALcorM Ross Anp C. L. Curist, U. S. Geological Survey, 
Washington, D.C. 


ABSTRACT 


The small wave lengths used in electron-diffraction experiments and the thinness of 
the crystals necessary for the transmission of the electron beam combine to require a 
somewhat different diffraction geometry for the interpretation of electron-diffraction pat- 
terns than is used in the interpretation of x-ray diffraction patterns. This geometry, based 
on the reciprocal lattice concept and geometrical construction of Ewald, needed for the 
interpretation of transmission electron-diffraction single-crystal patterns is here reviewed. 

Transmission electron-diffraction single-crystal patterns of two monoclinic substances, 
colemanite [CaB;0;(OH);:H2O] and potassium chlorate (KCIO;), are examined and the 
theory necessary for their interpretation is given in detail. The study of these patterns 
furnishes a basis for the interpretation of single-crystal patterns of materials belonging to 
any crystal system. It is shown that useful] unit cell data, accurate to a few tenths of a 
per cent, can be obtained from the patterns of colemanite and KCI1O;. A method of evalu- 
ating unit cell data from measurements of such single-crystal patterns is given. 

The transmission electron-diffraction powder pattern obtained from an oriented aggre- 
gate of thin crystals gives the same unit cell data as is given by the electron-diffraction 
single-crystal pattern obtained from one crystal of the aggregate. A graphical method is 
given for precisely evaluating unit cell constants from measurements of such a powder 
pattern. 


INTRODUCTION 


Mineralogical applications of electron-diffraction techniques have been 
somewhat limited, partly because not all minerals are amenable to study 
by this method, and partly because of the extensive use of the x-ray 
diffraction method. Of particular interest to the mineralogist is the fact 
that symmetry-true, indexable single-crystal diffraction patterns can be 
obtained with electrons from very minute crystals contained within a 
sample which will give only a Debye-Scherrer pattern with a-rays. Be- 
cause very small, individual crystals can be studied in this way, a given 
sample can be analyzed very thoroughly for crystalline components 
present in minor amounts, in contrast to the x-ray method which is rela- 
tively insensitive in this regard. 

During the past few years, much experience has been gained in this 
laboratory in the application of the combined techniques of electron dif- 
fraction and electron microscopy to the study of mineralogical problems. 
This paper gives a description of the techniques developed, and the re- 
sults obtained from a number of mineralogical studies. Part I of the 


* Publication authorized by the Director, U. S. Geological Survey. 
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paper contains a discussion of the experimental methods used in the 
work and a description of the theory used in the interpretation of single- 
crystal electron-diffraction patterns. The methods of interpreting and 
measuring single-crystal patterns of the monoclinic substances cole- 
manite, CaB3;0.(OH);:H2O, and potassium chlorate, KCIOs, are treated 
in detail. Part II of the paper (Ross, 1959) gives partial unit cell data 
for a number of fine-grained vanadium minerals. 

This work is part of a program being conducted by the U. S. Geological 
Survey on behalf of the Division of Research of the U. S. Atomic Energy 
Commission. 


THEORY OF INTERPRETATION OF SINGLE-CRYSTAL-PATTERNS 


In the present study, only transmission electron-diffraction patterns 
are considered. The experimental arrangement for obtaining such pat- 
terns is shown schematically in Fig. 1. If only one crystal lies in the path 
of the beam a spot pattern is obtained whereas if a large number of 
crystals lie in the path of the beam a powder pattern is obtained. The 
powder pattern will show a number of continuous rings and is similar to 
the x-ray Debye-Scherrer pattern. 

The most powerful method for the interpretation of single-crystal pat- 
terns is based on the reciprocal lattice concept. The reciprocal lattice is 
treated at length in James (1954). In the present paper his notation is 
followed with the exception that H (present paper) =r* (James). It is 
useful to recall here the differences in the interference geometry for the 
diffraction of electrons and the diffraction of x-rays. The Ewald sphere 
has a radius of the order of 1 A~ for the wave lengths ordinarily used in 
x-ray diffraction. In electron-diffraction experiments much smaller wave 
lengths are used. For example, for electrons accelerated under a potential 
of 50 kv, A=0.0534 A. Corresponding to this case the Ewald sphere has 
a radius of 18.7 A~, and its surface approximates a plane relative to the 
reciprocal lattice. The nodes of the reciprocal lattice have the properties 
of mathematical points only for crystals that are ideally triperiodic. In 
the real crystal these nodes must be replaced by appropriate small vol- 
umes (rods, parallelepipeds, etc.) whose size and shape reflect the size 
and shape of the periodic continuum. For the case of interest in this 
paper, 1.e. the very thin crystal, the reciprocal lattice points are replaced 
by rods having their lengths parallel to the thin direction of the crystal, 
with the total length p of each rod given by the relationship p=2/t, 
where / is the thickness of the crystal. It can be seen from Fig. 2 that 
when the direction of the incident beam of electrons is parallel to the long 
direction of the reciprocal lattice rods (parallel to the thin direction of 
the crystal) the chances are greatly increased that some portion of the 
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rod will intersect the Ewald sphere with ensuing diffraction. It can also 
be seen from Fig. 2 that the smaller the spacing of the reciprocal lattice 
in the thin direction of the crystal the greater are the chances that re- 
ciprocal lattice rods in the upper levels of the reciprocal lattice will inter- 
sect the sphere. 

‘There are other factors that increase the possibility of meeting the 
interference condition. Lack of exact homogeneity in the wave length of 
the electrons results in the transformation of the Ewald surface into a 
thin slab having a thickness determined by the spread in wave lengths. 
Variations in the direction of the incident beam and distortion in the 
lattice planes normal to the beam will also contribute to an increase in 
the number of diffraction spots observed. 


DESCRIPTION OF INSTRUMENTS 


The electron microscope used in this study (RCA, type EMU2B, 50 
kv) is designed for study of particles in the range of 0.001 to 10 microns. 
This instrument is equipped with a selected area diffraction attachment 
which can be used to obtain diffraction patterns from specific areas of 
the sample. Hall (1953) gives a complete description of the electron 
microscope and Picard and Reisner (1946) discuss the use of the electron 
microscope as a diffraction camera. 

A separate diffraction unit (RCA, type EMD) was used to obtain 
many of the patterns for this study. The unit is specifically designed for 
work with powder and single-crystal mounts using either reflection or 
transmission methods. The diffraction patterns are recorded on a 4 by 5 
inch photographic plate and yield more precise measurements than the 
smaller patterns obtained with the electron microscope. A disadvantage 
of the electron-diffraction unit is that the crystals from which the dif- 
fraction patterns are obtained can not be seen as they can be with the 
electron microscope. The diffraction unit is operated at a potential of 50 
kv, d-c; the direct current is regulated to 1 part in 50,000 with a ripple 
of less than 2 volts peak-to-peak. The upper pole piece aperture has a 
diameter of 1/1000 inch. The specimen-to-plate distance for most of the 
patterns taken with this instrument is approximately 50 cm. 


SAMPLE PREPARATION AND EXAMINATION 


Samples are usually prepared by dispersing or dissolving the experi- 
mental material in distilled water. A droplet of the liquid is then placed 
on a 200-mesh stainless steel screen which has been previously covered 
by a collodion film, 50 to 150 A thick. When an internal standard is de- 
sired aluminum or @-tin is vaporized in vacuum onto the collodion film 
prior to mounting the sample. A description of sample preparation tech- 
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niques useful for this type of work was edited by Drumond (1950). 

A preliminary examination of most samples is made with the electron 
microscope. The samples are checked for particle size, purity, orientation, 
and crystallinity. In general, single-crystal diffraction patterns (“‘spot” 
patterns) are obtained from individual crystals within the sample by 
converting the microscope into a diffraction camera. Usually an electron 
micrograph is made of the crystal or crystals producing the pattern. An 
example of this selected area diffraction technique, referred to as “SAD” 
in the following, can be seen in Fig. 6a. 

After examination with the microscope the specimen mounts are trans- 
ferred to the electron-diffraction unit and placed so that the collodion 
film is approximately normal to the electron beam. The mount is then 
traversed in a horizontal plane until a suitable spot or powder pattern 
is obtained. For spot patterns, adjustments in tilt of the specimen are 
made so that the intensities of spots related by a center of symmetry 
appear to be equal. 

A second method of examining crystals with the electron-diffraction 
unit is sometimes used. A cleavage fragment, which must be thin enough 
in some areas to permit the transmission of the weakly penetrating elec- 
trons, is mounted on a holder that allows considerable freedom in the 
adjustment of the sample plane. The fragment is oriented so that the 
cleavage plane is approximately normal to the electron beam, and final 
adjustment is then made so that the resulting spot pattern appears sym- 
metrical and spots related by a center of symmetry have approximately - 
equal intensities. Hereafter we shall refer to patterns taken with the 
electron-diffraction unit as “EDU” patterns. In Part I all values given 
for unit cell constants are obtained from measurements of EDU patterns. 


STANDARDIZATION OF ELECTRON-DIFFRACTION PATTERNS 


Evaluation of direct lattice spacings from EDU spot or powder pat- 
terns may be accomplished with fair accuracy provided the specimen-to- 


photographic plate distance and wave length of the electrons are known. 
Referring to Fig. 1 we see that 


D 
tan 26’ = —— 
DAL, 
or 
2 sin 6’ cos 6’ D 
cos 26’ Pi @) 


where D is the ring diameter (or the distance between spots related by a 
center of symmetry), L is the specimen-to-plate distance and 6’ is the 
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photographic plate 


D-ring diameter 
L~ specimen to plate distance 


specimen mount 


(eee 


Fic. 1, Experimental arrangement for obtaining transmission 
electron diffraction patterns. 


Bragg angle for the electron diffraction case. For small angles* 
———_ 1, (2) 
On combining (1) and (2) we then have 


in 6! D 3 
Wn eS 
: 4L ©) 


Substituting (3) into Bragg’s law gives 
_ 2 
0. 


q (4) 
where d’ is the direct lattice spacing given by the diffraction pattern. 

Since it is inconvenient to measure \ and L with high accuracy, an- 
other method is used in this laboratory to evaluate direct lattice spacings. 
This is done by comparing the electron diffraction pattern of a standard 
material to that of the experimental material. This “standardization” of 
diffraction patterns can be accomplished in two ways. Collodion mounts 
previously coated with a thin layer of aluminum or £-tin are used for 
some specimen mounts. These yield photographs that show the diffrac- 
tion pattern of the experimental material superimposed on the powder 
pattern of the standard substance. An example of this type of pattern 
may be seen in Fig. 11a. The second method of standardizing a pattern 
is to photograph the diffraction pattern of the experimental materia] 
and then to immediately photograph a pattern of the standard substance 
on another plate. This is done by traversing the specimen stage hori- 
zontally to bring a screen containing the standard directly under the 
beam. This operation involves no change in specimen-to-plate distance. 
The wave length is assumed to be constant over the brief period required 
to make the two photographs. 


* Using 50 kv radiation (\=0.0534A) cos 6’ never reaches a value smaller than 0,993 
for d-spacings greater than 0.7 A. 
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As will be shown later, the direct lattice spacings of the standard and 
experimental materials are very nearly inversely proportional to the ring 
diameters provided that the standard and experimental materials are 
photographed at constant wave length and specimen-to-plate distance— 
that is, 
ds Ds 


Fis “ 


lle 


where d, and d, refer to the direct lattice spacings of the experimental 
and standard materials respectively and D, and D, refer to the ring di- 
ameters. Knowing d, it is only necessary to measure D, and D, by some 
suitable means in order to calculate d,. 

Measurement of the spot or powder patterns is usually done with a 
measuring microscope. Another method of measurement found to be 
quite useful in evaluating parameters from single-crystal patterns is ac- 
complished by enlarging the patterns of the standard and experimental 
materials photographically to about 5 times the original size and meas- 
uring the enlargement with a millimeter scale. This method has been 
found to give lattice parameters almost as precise as those evaluated 
from measurements obtained with a measuring microscope. Due to the 
appearance of a slight ellipticity in the diffraction patterns, care is taken 
to measure both the standard and experimental patterns over the same 
diameter. 


ANALYSIS OF SINGLE CRYSTAL PATTERNS OF COLEMANITE 


Interpretation of patterns 


Colemanite, CaB3;0,(OH)3- H2O, is monoclinic and has perfect cleavage 
parallel to (010). Single-crystal patterns of this mineral were obtained 
with the electron-diffraction unit by mounting a thin cleavage fragment 
so that the cleavage plane was approximately normal to the electron 
beam. Figures 3a and 4a show spot patterns of colemanite obtained in 
this manner; the patterns are indexed as shown in Figs. 36 and 40. 

One method of interpreting these spot patterns, as previously dis- 
cussed, is based on the reciprocal lattice concept. In Fig. 5, a portion of 
the section of the colemanite reciprocal lattice through the origin and 
perpendicular to the c-axis, is represented. It can be seen that the trace 
of the sphere of reflection departs only slightly from the reciprocal 
lattice row [h00]. If the crystal is thin in the b* direction the reciprocal 
lattice points become essentially rods elongated parallel to the b* di- 
rection. Whenever one of these rods intersects the sphere of reflection 
a diffracted beam is developed. Inspection of Fig. 5 shows that if the 
hOO reciprocal lattice points are extended as rods it is highly probable 
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thin direction 
of crystal 


electron beam 


trace of sphere 
of reflection\, 


Fic. 2. The Ewald construction for the diffraction of electrons, showing 
the reciprocal lattice points extended into rods. 


that they will penetrate the sphere since these points are nearly coinci- 
dent with the trace of the sphere. If we consider the colemanite reciprocal 
lattice in three dimensions it can be easily seen that with a sufficiently 
thin crystal a large number of rods will penetrate the sphere and give a 


, p* i 
Ok2 5 a 
: z eee 
- Oki! . ~— 4ko 
2h 
es a 
(a) (d) 


Fic. 3a. EDU spot pattern of colemanite. 3b. Indexed reproduction 
of the EDU spot pattern shown in Fig. 3a. 
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hs3--- 


(a) (0) 
Fic. 4a. EDU spot pattein of colemanite. 4b. Indexed reproduction 
of the EDU spot pattern shown in Fig. 4a. 


diffraction pattern showing an extensive network of spots. Except for 
scale this network of spots will, geometrically, correspond very closely 
to the network of points in the (#0/) reciprocal net of an ideally tri- 
periodic colemanite crystal. 

The spot patterns of colemanite are indexed with the k parameter as 
a variable: for example 220, where & is equal to 0, 1, 1, etc. This is done 
because it is possible that the reciprocal lattice rods in the upper levels~ 
may also extend into the sphere. The geometry of the spot pattern is not 
altered by extension of upper level rods into the sphere for these rods 


c 
fe 
38 
J 
1 
b 
T- thin direction of crystal { 
x- forbidden reflections 5A 
oO Oo O- > 30; O- O- O- -O- O- 
920 820 720 620 520 1 320 220 120 020 120 
trace of sphere 
of Fatlecth © O- © O- ©. © se: , } ze) 
a 910 810 710 610 sO 80, «410 310 200 Te) ist i10 
1 b 
Gia x d- t eo x mule (er See eal van —: 
800 600 400 200 er Scomnes 
Ik | Te lael 
° G O- O- Oo : o =O x- eS, 
910 8io Tio 610 510 410 310 20 > iio Tio 
O A ~O- se; © i O- O O- O- © 
920 820 720 620 520 420 320 220 120 020 120 


Fic. 5. Ewald construction showing a portion of the section of the colemanite reciprocal 
lattice through the origin and perpendicular to the c axis (\=0.0534 A). 
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are Coincident in projection with those of the zero level. In fact, with an 
extremely thin crystal the reciprocal lattice points in the rows parallel 
to the thin direction of the crystal become continuous lines. In such a 
case we have pure two-dimensional diffraction. 

The space group of colemanite is P2:/a-(Cy,5), hOl and O&O reflections 
being absent when h and & are odd, respectively (Christ, 1953). Some of 
the higher order spots in Fig. 4@ appear to represent “forbidden” /01 
reflections. The appearance of such reflections where h is odd can be 


Fic. 6a. SAD spot pattern of colemanite superimposed upon the powder pattern of 
the internal aluminum standard. 6b. Indexed reproduction of the SAD spot pattern shown 
in Fig. 6a. 


expected if upper level rods extend into the sphere. When a colemanite 
crystal is extremely thin in the b* direction all /&/ reflections can be ex- 
pected to appear. This is shown in Fig. 6a, which is an SAD spot pattern 
of colemanite internally standardized with aluminum. The pattern 
shows complete rows of spots for which / is odd. The SAD pattern is 
indexed as shown in Fig. 63. Fig. 7 shows an electron micrograph of the 
crystal from which the SAD pattern was obtained. 

Ideally these colemanite patterns should show a center of symmetry 
such that Incz=Ike1; however in practice this symmetry is not always 
observed. The pattern shown in Fig. 3a very nearly shows a center of 
symmetry whereas the pattern shown in Fig. 4a definitely does not. This 
lack of symmetry is attributed mainly to the variation in thickness of the 
cleavage fragment and to departure of the (010) face from being normal 


to the electron beam. 
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Fic. 7. Electron micrograph of the colemanite crystal from which 
the SAD spot pattern shown in Fig. 6a was made. 


Measurement of patterns 


Inasmuch as the sphere of reflection does not coincide exactly with 
the (hOl) reciprocal net a slight distortion will be introduced into the 
spot pattern of colemanite. This distortion in terms of error in reciprocal 
lattice spacings may be evaluated with the aid of Fig. 8. The (h0/) re- 
ciprocal lattice rod of the thin colemanite crystal will intersect the 
sphere at P’ giving a Bragg angle of 60:’ corresponding to a reciprocal 
lattice vector Hyo,’. Ideally the reciprocal lattice point (01) should inter- 
sect the sphere at P giving a Bragg angle of 6,0: corresponding to a true 


reciprocal lattice vector Hjo;. The relation between the vectors Hyo;’ and 
Hoi is given by 


sin (90° = On,01') = SSS 
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or 
| Hror | 
COS O,0; = ————_ - 6 
| Ano | 6) 
However 
COS Opor’ & cos Prox (7) 


(within a few parts per million), thus (6) on rearrangement becomes 
| Hho! ; 
COS Broz 


| Haw’ | = (8) 


trace of 
sphere of reflection 


Fic. 8. The Ewald construction used to evaluate the error in reciprocal lattice spacings 
given by electron diffraction patterns. The curvature of the sphere of reflection is greatly 
exaggerated. 


Relation (8) in terms of the direct lattice spacings is 
drow’ = dnor COS Pro1 (9) 


where dyo,’ is the direct lattice spacing given by the spot pattern and 
dyo. is the true direct lattice spacing. 

Evaluation of direct lattice spacings from standardized EDU spot or 
powder patterns may be accomplished with high accuracy provided the 
ring diameters can be precisely measured. Rearranging (1) we have 

D cos 20’ 


sin 6’ = —- — 


. 10 
4L cos 6’ oe 


According to Bragg’s law 
NS ihe ein OY (11) 


and 
d = 2d,’ sin 6,’. (12) 
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Since \ is constant we may equate (11) and (12) giving 


Fig pai (13) 


sin 6,’ 
Substitution into (13) of the value of sin 6,’ and sin 6,’ given by (10) 
gives 


d;'Ds cos 26s’ Cos 0,’ 


(14) 
De CaS HU” CEs. Ox 


dz! = 


or for the special case of colemanite 


ds'Ds cos 26s’ cos Onor’ 
dno! = ; - (15) 
Drier CoS 20x02’ COS Os 


where Dy , is the distance between the hkl and hki spots of the colemanite 


pattern. 
But 

COS Oyo’ & cos nox (7) 
and 

dnor’ = dnoi COS Onor- (9) 


Also for the small Bragg angles 
cos 26n01.' & cos 26,01. (16) 


Most of the standard materials used in electron diffraction—for example, 
aluminum and 6-tin—are composed of very small randomly oriented 
equidimensional crystals. The reciprocal lattice points of such crystals 
will not elongate into rods; thus the reciprocal lattice lengths | Hax’| 
and |Hyxi| of the standard material will be identical (Fig. 8). Conse- 
quently, 


Os! = Os, (17) 
cos 6;’ = COs Os, (18) 
cos 26,’ = cos 20, (19) 
and 
ds’ = ds. (20) 


By (7), (9), (16), (18), (19), and (20), relation (15) reduces to 


d;Ds cos 26. 
dno = (21) 


Dhor Cos 26;¢7 COS Os 


or for the general case 


dsD, cos 26, 


= = Decon OUee Oe: (22) 


where the subscript # now refers to a material composed of crystals so 
thin in one direction that the reciprocal lattice points elongate into rods. 
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The factor (cos 20,)/(cos 26, cos 6.) in (22) usually may be disregarded 
since it is nearly equal to unity (within 0.2 per cent) for the small 6 angles 
encountered in the electron diffraction method; thus (22) reduces to 
dsDs 

D; 


(23) 


Relation (23) was used to evaluate the direct lattice spacings given by 
an EDU spot pattern of colemanite similar to the one shown in Fig. 3a. 
Table 1 is a comparison of the unit cell data obtained from the EDU 


TABLE 1. SINGLE Crystat Data: Cotemanirer, CaB;O.(OH);: HxO, Monoctinic 


X-ray diffraction! Electron diffraction? 
a= 8.743+0.004 A a=8.71;A 
b=11.264+0.002 — 
=  6.102=-0.003 c=6.093 
oe 4.105 A (cale.) doo0=4.09, A (meas.) 
don= 5.730 (calc.) doi=5.726 (meas.) 
doi= 4.063 (calc.) doi =4.05» (meas.) 
BS MOOT se05/ 8=110°00’ 


Space group P2;/a-(C2,°) 


1 Christ, 1953. 
2 Measurements are taken from an EDU spot pattern similar to the one shown in 
Fig. 3a. 


pattern to those obtained by x-ray methods (Christ, 1953). The 6 angle 
for the electron-diffraction value was determined by triangulation. 

If accuracy of better than 0.2 per cent is desired d, must be calculated 
using relation (22). The factor (cos 26,)/(cos 26, cos 6s) for a given direct 
lattice spacing may be routinely determined from a graph made by 
plotting the value of (cos 26,)/(cos 26, cos 0;) for several direct lattice 
spacings against the direct lattice spacings. Fig. 9 shows such a graph 
which is computed for use with electron diffraction patterns that are 
photographed at a potential of 50 kv (A=0.0534 A) and standardized 
with the (501) reflection of 8-tin (d501= 1.0950 A, Swanson and Tatge, 
1953, p. 25). The graph is used in the following way. A (dz)approx. 1S 
calculated using relation (23). For this value the corresponding value of 
(cos 20,)/cos 26, cos 6,) is found on the graph and then multiplied into 
(dz) approx. to give a more accurate value of d,. By this means it is possible 
to calculate d, with an accuracy of better than 0.01 per cent assuming, 
of course, that d;, D, and D, are as accurately known. Usually spot 
patterns cannot be measured with sufficient precision to warrant use of 
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40000 
(COS 20,)/(COS 28, COS @,) 


Fic. 9. Graph for evaluating the factor (cos 26;)/(cos 26, cos 8s) for a given direct lattice 
spacing. The graph is computed for electron diffraction patterns that are photographed at 
a potential of 50 kv (A=0.0534 A) and standardized with the (501) reflection of -tin 
(dsn= 1.0950 A). 


the graph. Powder patterns on the other hand, can sometimes be meas- 
ured with great precision, thus the need for the more accurate evaluation 
of d, furnished by the graph is apparent. 


ANALYSIS OF SINGLE CRYSTAL PATTERNS OF KCIO3 
Interpretations of patterns 


KCIO3 is monoclinic and in its pure form crystallizes from solution 
as thin tablets on (001) (See Buckley 1951, p. 544). Specimens of this 
material were prepared by placing a drop of very dilute aqueous KCIO; 
solution on a collodion mount which had been previously coated with 
aluminum or with f-tin. After the mounts were air-dried, they were 
oriented in the electron diffraction unit so that (001) was approximately 
normal to the electron beam. The position of the specimen mount and 
the KCIOs; crystal in relation to the electron beam is shown in Fig. 10. 

Ten internally standardized EDU spot patterns were made of this 
material, eight of which were suitable for measurement. One of these 
patterns is shown in Fig. 11a; the pattern is indexed as shown in Fig. 
110. 

The method of interpreting the KClO; patterns can be visualized 
with the aid of Fig. 12 which represents a portion of the KCIO; reciprocal 
lattice through the origin and perpendicular to the b-axis. If the crystal 
is sufficiently thin in the c* direction the reciprocal lattice rods will be 
elongated parallel to c* and many of them will penetrate the sphere of 
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Fic. 10. The position of the specimen mount and the KCIO; crystal 
in relation to the electron beam. 


reflection. It can be seen with the aid of Fig. 12 that dimensions of the 
spot pattern obtained from the KCIOs3 crystal will be very nearly pro- 
portional to those of a projection of the (RO) reciprocal net onto the 
a-b plane of the crystal. The deviation from true proportionality arises 
becauses the sphere of reflection does not quite coincide with the a-6 
plane. 

The spots along the positive (a)*, direction (projected a* direction) in 
the KCIO; spot pattern (Fig. 11@) are indexed as 20/, 301, and 40/ (Fig. 


(a) (0) 
Fic. 11a. EDU spot pattern of KCIO; superimposed upon the powder pattern of the 
internal 6-tin standard. 11b. Index reproduction of the EDU spot pattern shown in Fig. 
lla. 
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Fic. 12. Ewald construction showing a portion of the section of the KCIO; reciprocal] 
lattice through the origin and perpendicular to the b-axis (A=0.0534 A). 


116); and correspond to the intersection of the sphere by one or more 
rods in the reciprocal lattice rows [20/], [30] and [40], respectively. Spots 
having the indices 10/ and 50/ do not appear in the spot pattern indicating 
that none of the rods in the reciprocal lattice rows [102] and [50/] pene- 
trate the sphere. 

The space group of KCIO3 is P2:/m—(C»,?), ORO reflections being ab- 
sent when & is odd (Zachariasen, 1929, p..501). The very weak spots — 
indexed as 011, 03/ and O5/ (Figs. 13@ and 130) arise because reciprocal 
lattice rods from the upper O&/ levels penetrate the sphere. This can be 
readily understood from Fig. 14 which shows a portion of the section of 
the KCI1O3 reciprocal lattice, through the origin and perpendicular to 
the a-axis. 


Measurement of patterns 


The lattice spacings given by the KCIO; spot pattern may be evalu- 
ated with the aid of Fig. 15 which shows a projection of the (RO) re- 
ciprocal net of KCIO; onto the a-b plane. Consider the reciprocal lattice 
vector Hjx0 to any point “RO. The length of its projection onto the a-b 
plane is given by ; 

| Hixol p? = [ha* cos (90° — g*) |? + [Rd*]? 
or ‘st 


sin? 6 1 \2/2 
Aix aie ( ) 
: ee ance” = doko” ; Co) 
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Fic. 13a. EDU spot pattern of KCIO; superimposed upon the powder pattern of 
the internal 6-tin standard. 13b. Indexed reproduction of the EDU spot pattern shown 
in Fig. 13a. 


where | Hi xo p 1s the reciprocal lattice spacing given by projection of the 
vector Hyx0. In terms of the direct lattice (24) becomes 


(dito) p = : (25) 


(ae a =a). 

dnoo” d cro” 

where (dyxo)p 1s the projection of djxo and is very nearly equal to the 
spacing given by the spot pattern. If h=1 and k=0, (25) reduces to 


(dioo)p = a. (26) 
Sle 
33 
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Fic. 14. Ewald construction showing a portion of the section of the KCIO; reciprocal 
lattice through the origin and perpendicular to the a-axis (A=0.0534 A). 
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Fic. 15. Geometrical construction used to evaluate the projection of the (k0) 
reciprocal net of KCIO; onto the a-6 plane. 


TABLE 2. VALUES OF THE @ AND 6 UNIT CELL CONSTANTS OBTAINED FROM MEASUREMENT 
OF THE HIGHER ORDER REFLECTIONS OF ErGHT KCIO3; 
EDU SINGLE-CRYSTAL PATTERNS 


a Pattern No. b Pattern No. 
4.643 A 233 5.54. A 233 
4.66. 233 5.54 233 
4.660 234 5.543 234 
4.672 234 5.563 234 
4.666 235 5.556 235 
4.672 235 5.566 237 
4.656 237 5.563 237 
4.056 237 5.582 245 
4.63 245 5.572 245 
4.654 246 5.579 245 
4.665 246 5.499! 246 
4.650 402 DEOLo 402 
4.675 404 5.556 404 

Average 4.659 A Average 5.562 A 
Average deviation 0.008 A Average deviation 0.010 A 


‘ This low value is not included in the average. It probably arises because the a-b plane 
of the crystal deviates appreciably from being normal to the electron beam. Average values 
for a and 0 are taken as being closer approximations to the truth than maximum values of 
a and 6. It is considered that the errors are due principally to causes other than deviation 
of the a-b plane from the ideal position (except in Pattern No. 246). 
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If h=0 and k=1 (25) reduces to 
(doio)p = 0. (27) 


Relation (23) gives a satisfactory method of evaluating direct lattice 
spacings from measurements of spot patterns. Applying this relation 
specifically to the KCIO3 case we have 
dsDs 
Gu) = (28) 


(hk0)p 


TT EEE 


where D(jx0)p is the distance between the hkl and hkl spots. 

Planes of symmetry appear in all the KCIO; spot patterns showing 
that the y* angle is 90°. Table 2 gives the values of the a and b unit cell 
constants of KCIO; obtained from measurement of the higher order 01 
and Ok/ reflections of eight spot patterns. One pattern (No. 246) gives 
an exceptionally low value for 6. This was probably the result of a large 
deviation of the a-d plane of the KCIO; crystal from being normal to the 
electron beam. Table 3 compares the average values of a and 6 obtained 
from the EDU spot patterns to the x-ray values (Zachariasen, 1929). 

No diffraction patterns of KCIO; were obtained with the electron 
microscope because the heat generated by the beam decomposed the 
crystals. Some decomposition also occurred in the electron-diffraction 
unit. The pattern shown in Fig. 13a shows some effects of decomposition 
including broadening of the spots. The EDU pattern shown in Fig. 16a 
was taken after a KCIO; single crystal had been centered in the beam 
for ten minutes. This pattern shows an almost complete decomposition 
of KCIO; to KCl and represents a large number of KCl crystals oriented 
with a cube face parallel to the collodion film (arbitrarily assigned as the 
(001) face in Fig. 16d). The spots are more or less extended arcs having 
the most intense blackening in the centers and a sharp decrease in 
blackening towards their extremities. This shows that the KCl crystals 


TABLE 3. SINGLE-CRrysTAL Data: KCIO;, MONOCLINIC 


X-ray diffraction! Electron diffraction? 
a=4.656+0.004 A a=4.659+0.008 A 
b=5.596+0.005 b=5.562+0.010 


c=7.099 +0.007 
dino =4.386 A (calc.) 
din =4.409 (calc.) 

B=109°38’ +05’ 


Space group— P2,/m— (C2”) 


1 Zachariasen (1929), spacings have been converted from kX units to angstrom units. 
2 Average of eight EDU spot patterns. 
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a 


Frc. 16a. EDU pattern taken after a single crystal of KClO; had been centered in the 
electron beam for ten minutes. The rings are those of 6-tin. 16b. Indexed reproduction of 
the EDU pattern shown in Fig. 16a. 


are also oriented in azimuth—that is, in the plane of the film. The 2k0O 
reflections with # and/or k odd do not appear in the KCI pattern shown 
in Fig. 16a. This is because the scattering powers of the potassium and 
chloride ions are almost exactly equal and therefore only hkl reflections 
where h, k, and /=2n appear. The single crystal pattern of KCl thus 
appears to be that of a primitive cell with a(apparent) =a/2(real). 
Measurement of the KCl pattern yields a value of doo =3.15 A. Swanson 
and Tatge (1953, p. 66) find doo for KCl to be 3.146 A. 


DISCUSSION 


It is clear that useful crystallographic data can be obtained from the 
electron-diffraction study of single crystals, as shown by the results ob- 
tained on colemanite and KCIO;. For these substances unit cell constants 
accurate to a few parts per thousand were obtained. 

It is to be emphasized that we have been here dealing with an experi- 
mental arrangement in which the electron beam is normal to a crystal 
lying on a cleavage or natural face. From reciprocal lattice theory this 
means that if the crystal is lying on the face (Akl) the beam is parallel to 
the reciprocal lattice vector Hj,;. The vectors normal to Hy,;, and lying 
in the plane of the face, are, in the general case, direct lattice vectors. 
The principal reciprocal lattice vectors may or may not lie in this plane, 
depending upon the crystal system, a fact which must be taken into 
account in the interpretation of the diffraction patterns. A thin mono- 
clinic crystal lying on the (001) face is an example of a case for which the 
principal direct lattice and reciprocal lattice vectors do not lie in the 
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same plane. We have treated this case in some detail for KCIO;. The in- 
terpretation given for this substance may be readily expanded for the 
most general case, the triclinic. 

The electron-diffraction single-crystal experiment is to be contrasted 
with the «-ray diffraction single-crystal experiment. With the former the 
diffraction spots give directly the projected quantities | Haxel » whereas 
with the latter the diffraction spots give directly the quantities | ax : 
In the case of orthogonal crystals | Ba x| p= | Hy x| : 

The procedures used to interpret the single crystal patterns of cole- 
manite and KCIO3 may be applied to the interpretation of patterns ob- 
tained from crystals belonging to any crystal system. Table 4 gives the 
crystallographic data that may be obtained directly from spot patterns of 
crystals belonging to the six crystal systems. Spot patterns obtained 
from crystals which orient other than on (100), (010) or (001) would 
have to be indexed assuming orientation upon a pinacoidal face and then 
if possible a suitable transformation could be made to give the proper 
unit cell. The spot patterns obtained from triclinic crystals represent 
projections of the /k0, hO/, or OR/ reciprocal nets upon the plane of orien- 
tation. 

Commonly only those crystals that have perfect cleavage or which 
crystallize as thin pates or tablets of constant thickness give single- 
crystal patterns suitable for measurement. Although spot patterns can be 
obtained from crystals that vary in thickness, the patterns are usually so 
distorted that they cannot be measured with any accuracy. 

The main sources of error in evaluation of cell parameters from EDU 
single crystal patterns arise from: 1) limitations in the precision of meas- 


TABLE 4. CRYSTALLOGRAPHIC DATA OBTAINED DIRECTLY FROM SPOT PATTERNS 
OF CRYSTALS BELONGING TO THE SIX CRYSTAL SYSTEMS 


Crystal System ieee Crystallographic data 
Cubic (100) dino 
Tetragonal (100) dio0, door 
Tetragonal (001) dio0 
Orthorhombic (100) doio, Zoo 
Orthorhombic (010) 100, doo 
Orthorhombic (001) di0, Zoro 
Hexagonal (001) dio 
Monoclinic (100) do10, (don) ps |(don)» = ¢] 
Monoclinic (010) djo0, don, B 
Monoclinic (001) (dio0)p; dono, [(di00) p=] 
Triclinic (100) (doro)p, (door) p, &, [(dor0) p/sin a=], [(don)p/sin a=e] 
Triclinic (010) (di00) 15 (doo) p, B, [(di00)p/sin B=al; [(doo1)p/sin B=c] 


Triclinic (001) (dio0) », (010) p, Des) [(d100)p/sin y=al, [(doro); /sin y=b] 
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urement, and 2) deviation of the crystal face from the horizontal. The 
precision of measurement is governed by the shape, size and intensity 
of the spots and varies according to the particular substance under ex- 
amination. The deviation of a crystal from the ideal orientation can 
introduce very large errors if care is not taken to orient the crystal so 
that one face is approximately normal to the beam. For small deviations 
(within 5°), the error introduced into the spot pattern will be only a few 
parts per thousand. 

The peculiarities of the electron-diffraction technique must be taken 
into account in the interpretation of electron-diffraction powder pat- 
terns. Consider an aggregate of crystals which are small thin plates or 
flakes oriented with the basal pinacoid parallel to the substrate of the 
specimen mount but with all possible orientations in the plane of the 
substrate. The electron-diffraction powder pattern obtained from these 
crystals will show a number of evenly blackened rings. Measurement of 
these rings will yield for the most part the projected quantities | Hoa za| z 
of one net, i.e. the same data given by the spot pattern of one crystal of 
the aggregate. The projected quantities | Hana p are obtained from the 
oriented powder pattern because the reciprocal lattice points of each 
crystal in the aggregate are extended into rods. If an electron diffrac- 
tion powder pattern were obtained from an aggregate of small, equi- 
dimensional, randomly oriented crystals where there is no extension 
of reciprocal lattice points into rods, measurement of the rings would 
yield the quantities | axe], i.e. the same quantities that are given by 
an «-ray diffraction powder pattern. In Part II of this paper a method of 
indexing oriented electron-diffraction powder patterns will be given. 
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THE OPTICAL PROPERTIES OF HEATED PLAGIOCLASES 


J. R. Smiru,* Geophysical Laboratory, Carnegie Institution of 
Washington, Washington, D.C. 


ABSTRACT 


' The optical properties of nine chemically analyzed samples of natural plagioclases have 
been accurately determined before and after changing them to high-temperature modifica- 
tions by heat treatment. The change in Nx accompanying the structural change is slight 
in the composition range An 0 to An 20 and negligible from An 20 to An 100. Ny and Nz 
change measurably in the composition range An 0 to An 20, but negligibly in the re- 
mainder of the composition range. Measurements of principal refractive indices can there- 
fore give a reliable estimate of the composition of a plagioclase regardless of its structural 
state. 

The changes in optic axial angle accompanying the structural changes are such that, 
given composition, measurements of optic axial angle serve to distinguish low-temperature 
and high-temperature plagioclases in the composition ranges An 0 to about An 40 and 
An 60 to about An 90. 


INTRODUCTION 


Differences between the optical properties of feldspars at low and at 
high temperatures were reported by Merwin in 1911. Since then, Kohler 
(1949) has found that the orientation of the optical indicatrix in plagio- 
clases from volcanic rocks is different from that in plagioclases from 
plutonic rocks. Tuttle and Bowen (1950) were able to distinguish high- 
temperature and low-temperature modifications of sodic plagioclases by 
means of optics and x-rays; they found that the low-temperature modifi- 
cations could be changed to the high by heating at temperatures near 
those at which melting begins. The x-ray techniques used by Tuttle and 
Bowen to distinguish between low- and high-temperature plagioclases 
have been expanded and applied to more extensive groups of samples by 
Goodyear and Duffin (1954, 1955), J. R. Smith and Yoder (1956), and 
J. V. Smith (1956). The results of these studies indicate structural dif- 
ferences between low- and high-temperature plagioclases in the composi- 
tion range An 0 to An 80;+ many natural plagioclases are intermediate 
between the “maximum” low- and high-temperature states so far found. 
In the composition range An 80 to An 100, Gay (1954) and Laves and 
Goldsmith (1954) have found structural differences between low- and 
high-temperature plagioclases by single-crystal x-ray methods. In view 
of these facts, it is important that carefully controlled tests be made of 
the differences between the optical properties of low- and high-tempera- 


* Present address: Department of Geology, University of Saskatchewan, Saskatoon, 


Sask., Canada. | 
+ Compositions are stated as mole per cent anorthite, calculated as 100( Casey Case 


+Nat+K?*). 
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ture plagioclases throughout the composition range, partly to determine 
the applicability of presently available refractive index determinative 
curves to high-temperature plagioclases, and partly to investigate fur- 
ther the optical methods of distinguishing between low- and high-tem- 
perature plagioclases. This has been done in the present study by making 
accurate measurements of the optical properties of chemically analyzed 
natural plagioclases before and after changing them to the high-temper- 
ature forms by heat treatment. This method has the distinct advantage 
of using the same samples for the measurements in the low- and high- 
temperature states; observed differences in optical properties cannot 
therefore be attributed to possible errors in the chemical analyses. 

The object of the study was to determine the direction and magnitude 
of the optical changes in different parts of the composition range rather 
than to establish accurate determinative curves for maximum high- 
temperature plagioclases, because such plagioclases appear to be rare in 
nature, and the curves would be of little practical value. 


MetTHODS 


Careiully purified and chemically analyzed samples of natural plagio- 
clases ranging in composition from pure albite to almost pure anorthite 
were available at the Geophysical Laboratory, thanks to many con- 
tributors; the samples selected for study are listed and described in 
Table 1. The optical properties of most of these samples had previously 
been measured by the writer using techniques developed in cooperation 
with H. H. Hess. These techniques are described in detail in a memoir of 
the Geological Society of America (Smith, in Hess, in press). Briefly, 
total birefringence was determined on the universal stage by accurate 
comparison with the total birefringence of quartz, which is known to the 
fifth decimal place. Optic axial angles (2V) were measured by the stand- 
ard orthoscopic procedure (Fairbairn and Podolsky, 1951) in thin sec- 
tions of grains mounted in bakelite. Refractive indices were determined 
by a controlled-temperature universal stage technique, in which a grain, 
illuminated in sodium light, is rotated from a principal orientation 
toward another principal orientation until the refractive index of the 
grain exactly matches that of the oil in which it is immersed, at which 
point it disappears if it is colorless and transparent. Knowing the index 
of the oil, the angle of rotation from the principal orientation, and the 
birefrigence of the section of the mineral perpendicular to the axis of ro- 
tation, two principal refractive indices of the grain can be calculated. If 
2V is also known, the third principal index can be calculated. In determin- 
ing each of the optical properties, measurements were made on several 
different grains in each sample and averaged. The estimated accuracy 
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TABLE 1. DESCRIPTION OF PLAGIOCLASE SAMPLES 


of the average values of refractive indices is + 0.0003, of total bire- 
fringence +0.0001, and of 2V +0.5°. The optical properties of the 
plagioclase samples selected for study were measured by these methods 


Composition 
Sample (mole %) ; 
No: Analyst Occurrence and Locality} Contributor 
Ane Or 

D761-1 0.2 98.7 1.1] R. E. Stevens* | Pegmatite, Ramona, | C. S. Ross 
Calif. 

D761-3 0.4 98.2 1.41 R. E. Stevens* Pegmatite, Amelia, Va. | C. S. Ross 

80165 21.6 74.5 3.9 | E. Chadbourn** | Pegmatite, Hawk Mine, | F. C. Kracek 

Bakersville, N. C. 

D638 29.8 69.7 0.5 | R. E. Stevens* | Pegmatitic vein in du- | C. S. Ross 
nite, Macon Co., N.C. 

1963 WN ic Weil de 186, Ortlvnaxel Ferrogabbro, Skaer- | L. R. Wager 
gaard Intrusion, East 
Greenland. 

GD29 51.8 46.3 1.9 | E. H. Oslund* Dolerite, Great Dyke, | H. H. Hess 
S. Rhodesia. 

BV63 OFZ oor On 2-28 be Oslund® Gabbro, Bushveld Ig- | H. H. Hess 
neous Complex, South 
Africa. 

EB41 625 5a SOnS) Ona) Dae Oslund™ Gabbro, Stillwater Ig- | H. H. Hess 
neous Complex, Mon- 
tana. 

EB38 SO20N 19eSe Or Sey ASH Rhillips™ Norite, Stillwater Ig- | H. H. Hess 
neous Complex, Mon- 
tana. 

Synthetic |100 0 0 == Crystallized from an- | J. F. Schairer 

anorthite hydrous glass at 1500° 


C. and cooled very | 


quickly to room tem- 
perature. 


* Analysis quoted in Smith (in Hess, in press). 


** Analysis quoted in Kracek and Neuvonen (1952). 
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before and after changing them to high-temperature modifications by 
heat treatment. The samples (100- to 200-mesh in grain size) were heated 
in platinum crucibles in platinum-wound electric resistance furnaces; 
temperatures were measured with Pt-Pti0Rh thermocouples, and were 
controlled and recorded continuously, the recorded variations being less 
than +5° C. The progress of the structural changes was checked by 
removing the samples from the furnaces at intervals and measuring 
26(131)—20(131) in x-ray powder diffraction patterns, using the same 
techniques and instruments as those described by J. R. Smith and 
Yoder (1956). Many grains in some of the samples heated in this way 
were found to contain blebs and sheets of glass, even though the max- 
imum temperatures at which they were heated were somewhat lower 
than the temperatures of beginning of melting for the compositions con- 
cerned (see Table 2 and Bowen, 1913). This was undoubtedly a result of 
the lowering of the melting temperature by foreign inclusions in the 
grains of plagioclase. Four samples in the composition range An 0 to 
An 30, which contain very few inclusions, contained very little glass 
after heating. Five samples in the composition range An 44 to An 80, 
which contain rather abundant solid inclusions, contained enough blebs 
of glass after heating to make the material unsuitable for refractive index 
determinations. In order to obtain material in the high-temperature 
form suitable for refractive index measurements, six samples were held 
for one week at 990°+5° C. in water at a pressure of 1000 psi. This was 
done in cold-seal type pressure vessels (Tuttle, 1949), the samples being — 
contained in small unsealed platinum tubes. Some grains in the samples 
subjected to this hydrothermal treatment were found to contain blebs 
of glass, but not in sufficient amount to hinder refractive index measure- 
ments; many grains contained no visible glass. 


DISCUSSION OF RESULTS 


1. Structural state of samples 


The values of 26(131)—20(131) before and after heating the samples 
are listed in Table 2; the initial and final values are plotted in Fig. 1. 
The curve in Fig. 1 represents 20(131)—26(131) for plagioclases synthe- 
sized in the dry way, and is taken from J. R. Smith and Yoder (1956). 
These plagioclases are probably the highest temperature modifications 
which can exist metastably at room temperature, because they were crys- 
tallized at temperatures near those at which melting begins in the an- 
hydrous binary system NaAISisOs-CaAlSi20s, and were quenched 
quickly to room temperature. The curve in Fig. 1 therefore represents 
maximum high-temperature plagioclases. The values of 26(131)-20(131) 
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TABLE 2. HEAT TREATMENT AND X-RAY MEASUREMENTS 


Sample No. Heat Treatment* 26(131) — 20(131)** 
(CuKa) 
D761-1 (An 0.2) (1) None 1.08° 
(2) 243 days—1080° C. dry 1.98 
D761-3 (An 0.4) (1) None 1.09 
(2) 243 days—1080° C. dry 1.98 
(H) 1 day—975° C., 3700 psi HO MOS, 
80165 (An 21.6) (1) None 1.52 
(2) 14 days—1100° C. dry 1.91 
(3) 28 days—1120° C. dry 1.92 
D638 (An 29.8) (1) None 1.74 oe 
(2) 14 days—1100° C. dry 1.98 
(3) 28 days—1160° C. dry 1.98 
(H) 7 days—990° C., 1000 psi H2O 1.94 
1963 (An 44.2) (1) None 1.79 
(2) 7 days—1150° C. dry 1.97 
(3) 4 days—1200° C. dry 1.99 
(4) 28 days—1230° C. dry 2.00 
(H) 7 days—990° C., 1000 psi H20 1.95 
GD29 (An 51.8) (1) None 1.82 
(2) 7 days—1150° C. dry 2.00 
(3) 4 days—1200° C. dry 2.01 
(4) 28 days—1270° C. dry 2.00 
(H) 7 days—990° C., 1000 psi H2O 1.99 
BV63 (An 59.2) (1) None 1.87 
(2) 7 days—1150° C. dry 2.05 
(3) 4 days—1200° C. dry 2.04 
(4) 28 days—1310° C. dry 2.05 
(H) 7 days—990° C., 1000 psi H2O Deo 
EB41 (An 62.5) (1) None 1.91 
(2) 8 days—1150° C. dry 2.07 
(3) 14 days—1200° C. dry 2.08 
(4) 28 days—1310° C. dry 2.05 
(H) 7 days—990° C., 1000 psi H2O 2.06 
ED38 (An 80.0) (1) None QPAD 
(2) 8 days—1150° C. dry 2.18 
(3) 14 days—1200° C. dry 2.19 
(4) 28 days—1420° C. dry Doty 
(H) 7 days—990° C., 1000} psi H2O 2.19 
Synthetic anorthite (An 100) Crystallized from anhydrous glass 
at 1500° C., cooled very quickly to 3 
2 


room temperature. 


* Numbers in parentheses indicate successive heatings of same sample. (H) indicates 


hydrothermal treatment of a different sample. 
** Values listed are averages of three or more measurements. 
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Curve for plogioclases synthesized in the dry way. 
(From Smith and Yoder , 1956) 


ba Estimated uncertainty of plotted 
kK volues » £0.02" 26 


1.50 FR 


pity Lit pitiiiiis 
10 


20 30 40 50 60 70 80 90 100 
Mole per cent anorthite 


Fic. 1. 26(131)—20(131) for plagioclase samples before and after heating. Numbers and 
letters in parentheses refer to heat treatment of samples described in Table 2. 


plotted in Fig. 1 show that the samples studied optically, whether heated 
in air or hydrothermally, were changed nearly or quite completely to 
maximum high-temperature plagioclases. Synthetic anorthite (An 100) 
was not reheated, but it is assumed to be in the high-temperature form 
because it was crystallized at 1500° C. and quenched quickly to room 
temperature. The assumption is supported by the fact that in single- 
crystal «-ray photographs of grains from this sample, ‘‘c’’-type reflections 


are very diffuse and ‘‘d’’-type reflections are apparently absent (cf. Gay, 
1954). 


2. Changes in optical properties 


The measurements of optical properties before and after heating are 
listed in Table 3. Except for the values of Ny and Ng, each of the meas- 
urements listed was determined on a different grain in the heated or un- 
heated samples. Because of the method of determination, individual de- 
terminations of Ny and Nz have the same range of values as do the indi- 


vidual determinations of Nx, so that for convenience only the mean 
values of Ny and Nz are listed. 
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TaBLeE 3. Optical PROPERTIES BEFORE AND AFTER HEATING 


NOTE: Allmeasurements before heating except for samples D761-3, 80165, and synthetic 
anorthite are taken from Smith (in Hess, in press). 
Numbers in parentheses and (H) refer to heat treatment of samples described in 


Table 2. 
Nx Ny, (Means) Nz (Means) N,-Nx DANES 
Sample : 
No. Before | After Before | After Before | After Before | After | Before} After 
heating | heating | heating | heating | heating | heating | heating | heating [heating] heating 
D761-1 1.5285 (2) 01003 | (2) 76.4°] (2) 
(An 0.2) $9285 | 1275270 -01008 | .00839 | 76.4 | 129.8° 
1.5286") 105274 -01018 | .00842 | 77.0 | 132.4 
£5286 i. 527 0 (2) (2) -01022 | 700846} 77.22") 1336.2 
1 OZSOM MnO Z Mell Me OSDOM Me S44 Ie OS8S all aleSGoun |e OLO2SM = ————=s | avivieeshedlig sis: 
SYS |) GURY AIKSS -01026 Mean Ue |) MES 
I OZO0R S28. =01033 | .00842 | 77.8 | 133.8 
pres aul Mere .01037 78.0 | 134.3 
Mean Mean ——. ———— ei Sad. 
1.5286 | 1.5273 Mean Mean | ——- 
-01021 77.2 | Mean 
ian 
D761-3 1.5286 (2) .00983 (2) 75.9°| (2) 
(An 0.4) 1.5286 | 1.5268 (2) (2) 00989 | .00840 | 76.3 | 133.8° 
15286) 95269!) 156326) | 15343 ld S387) | 125356 1 200989 | 00848") 76.0) |) 18452 
LES 2ST ed OLS 00994 | .00849 | 76.6 | 134.6 
15288) | 05274 .01007 | .00851 | 76.7 | 134.7 
1.5289 = 135.3 
1.5294 | Mean Mean Mean | Mean] 135.3 
——— | il swyfl -00992 | .00847 | 76.4 _ 
Mean Mean 
1.5288 134.7 
(A) (A) 
1.5266 . 00845 
1.5268 (A) (A) . 00852 (A) 
1.5268 1.5340 1.5354 00859 132 ji 
1.5269 - 00862 13253) 
1.5270 00869 TS Sie 
—- 133.9 
Mean Mean 134.5 
1.5268 00857 a 
Mean 
SP je38} 
80165 1.5388 (3) 00763 (3) 92.8°| (3) 
(An 21.6) 1.5388 | 1.5383 (3) (3) .00764 | .00721 | 93.0 | 116.5° 
1.5390 | 1.5386 | 1.5431 1.5440 | 1.5467 | 1.5459 | .00764 | .00728 | 93.4 | 117.1 
te Tal wt Batak .00768 | .00732 | 93.6 | 117.7 
1.5392 | 1.5389 .00782 | .00743 | 93.9 | 118.7 
1503920 —— | .00745 |} 94.2 | 119.3 
— | Mean Mean — 
Mean | 1.5386 .00768 | Mean | Mean} Mean 
1.5390 00734 | 93.5 | 117.9 
D638 1.5433 (3) 00733 (3) 9122 K(3)) 
(An 29.8) | 1.5433 | 1.5433 00735 | .00723 | 91.9 | 104.8° 
1.5433 | 1.5436 (3) (3) 00739 | .00732 | 92.0 | 105.1 
1.5435 | 1.5436 | 1.5479 | 1.5483 | 1.5514 | 1.5510 | .00752 | .00752 | 94.0 | 105.2 
1.5437 | 1.5437 .00756 | .00761 | 94.4 | 105.4 
| 1.5439 | 1.5438 .00777 | ——— | 94.5 | 105.4 
1.5442 | —-—— .00778 | Mean | 94.6 | ——— 
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TABLE 3. (Continued) 


Na Ny (Means) Nz (Means) Nz—Nx 2Vz 
Sample 
No. Before | After Before | After Before After | Before After |Before| After 
heating | heating | heating | heating | heating | heating | heating heating |heating| heating 
1.5444 | Mean .00744 | 94.7 | Mean 
1.5444 | 1.5436 Mean 94.7 | 105.2 
1.5450 -00753 94.8 
(A) 95.1 
Mean (H) OO TA 
1.5439 | 1.5437 .00715 | Mean (H) 
1.5437 .00716 | 93.6 | 103.6° 
1.5438 (A) (A) 00716 104.3 
1.5440 1.5483 125510 104.4 
1.5440 Mean 105.2 
ee -00715 == 
Mean Mean 
1.5438 104.4 
1963 1.5506 | (H) .00721 | (H) 
(An 44.2) 1.5506 | 1.5520 .00722 00719 ( 
1.5506 | 1.5520 00736 | .00730 
1.5506 | 1.5522 .00739 | .00733 
Le5SUT i teos2s (A) 00750 | .00736 
PSS LO MESS 25a) tao es a= 1.5590 | 1.5595 | .00754 Vari- | Vari- 
1.5520 .00757 | Mean | able able 
1.5520 Mean - 00730 
P552075) 1.5522 Mean 
1.5521 -00740 
125525) 
125525 
Mean 
1.5516 : 
GD29 1.5540 (A) 00738 (4) UO) — (4S) * 
(An 51.8) 1.5541, || 165939 .00740 | .00736 | 75.0 7603, . 
1.5542 | 1.5545 (A) (A) .00748 | .00738 | 75.7 76.6 
15645: i) S25 547 iP SS TS | LSS 760 eSoo i soak 00751 AIO ASI 7eshs 7! 76.6 
1.5548 | 1.5549 00752 | .00753 | 76.0 76.7 
1.5548 | 1.5550 76.0 76.8 
1.5549 | 1.5553 Mean Mean | 76.3 78.0 
SSS) .00746 .00745 76.5 —— 
1.5558 | Mean 76.6 | Mean 
= 1.5547 76.6 76.8 
Mean 77.0 
sissy 77.0 
ie 
78.1 
78.2 
Mean 
76.4 
BV63 HESSEY | G50) .00776 | (4) 78.8°| (4) 
(An 59.2) | 1.5580 | 1.5577 .00794 | .00792 | 79.0 | 73.0° 
1.5581 125579) (A) (A) 00796 | .06793 | 79.0 Toe 
1.5581 1.55815) T5615 oat 1.5662 | 1.5662 | .00813 | .00799 | 79.3 73.6 
1.5581 1.5586 -00814 | .00806 | 79.4 74.0 
1.5583 | 1.5587 |) 00849 =) 86 ray 
1.5586 — Mean |———} 74.8 
———= || Wien Mean | .00797 | Mean 
Mean | 1.5582 | .00801 79.5 | Mean 
1.5582 73.9 
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TABLE 3. (Continued) 
Na Ny (Means) Nz (Means) Nz—Nx 2Vz 
Sample 
No. Before After Before After Before After Before After | Before} After 
heating | heating | heating | heating | heating | heating heating |heating |heating| heating 
EB41 1.5589 (A) -00791 (4) 78.5°| (4) 
(An 62.5) 1.5598 | 1.5599 -00812 | .00792 | 79.0 74.8° 
: 1.5599 | 1.5600 .00821 | .00796 | 79.7 TSe 
1.5600 | 1.5602 (A) (A) -00823 | .00817 | 80.6 T5ies 
1.5603 | 1.5604 | 1.5640 | 1.5634 | 1.5687 | 1.5684 | .00823 | .00826 | 81.5 75.8 
1.5604 } 1.5605 .00825 | .00827 | 81.8 76.0 
1.5605 | 1.5611 -00826 | .00834 | 82.0 76.3 
1.5607 | ——— . 00830 VAD) == 
1.5607 Mean - 00831 Mean | 82.2 | Mean 
1.5615 | 1.5603 .00832 | .00815 | 82.2 75.6 
1.5615 .00837 82.6 
== - 00850 82.6 
Mean . 00852 82.6 
1.5604 - 00853 O2iaul 
. 00871 82.8 
82.9 
Mean 83.1 
. 00832 83.3 
83.4 
84.5 
84.5 
Mean 
82.1 
EB38 1.5664 | (H) 01046 | (4) | 93.72] (4) 
(An 80.0) 1.5668 | 1.5667 .01058 | .00888 | 93.7 86.1° 
1.5668 | 1.5668 .01061 00896 | 94.2 87.2 
1.5669 | 1.5670 (A) (A) 01066 | .00910 | 94.4 87.7 
15669" |) 1.5071 | 1.05729 | 1.5746 | 1.5778 1 155768 | .01070 | .00955 | 94.5 88.1 
1.5669 | 1.5677 .01076 | .00963 | 95.1 88.1 
1.5670 | ——— 01081 -00983 | 96.0 —_— 
1.5670 Mean 01088 | .00993 | 96.1 | Mean 
IO Ou Minto OL .01090 | ——— | 96.2 87.5 
1.5671 ——— | Mean 96.6 
1.5671 Mean 00941. ——— 
1.5672 .O1071 Mean 
1.5673 95.0 
1.5673 
1.5673 
1.5679 
Mean 
1.5671 
Synthetic 1.5746 -01307 104.2° 
anorthite 1.5748 -01326 104.7 
(An 100) 1.5749 . 01328 104.8 
1.5750 1.5834 1.5883 .01334 104.9 
PEW Ry .01343 1OSis 
1.5754 01352 
1.5754 Mean 
ae Mean 104.8 
Mean 01331 
1.5750 
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As stated previously, some of the samples studied were heated in air 
and some were heated hydrothermally at lower temperatures in order 
to avoid the formation of glass around inclusions in the grains, which 
hinders refractive index measurements. Refractive indices of the five 
samples in the composition range An 44 to An 80 were determined only 
on material heated hydrothermally. In order to be sure that plagioclase 
heated hydrothermally has the same optical properties as that heated in 
air, two samples, D761-3 (An 0.4) and D638 (An 29.8), were changed to 
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lic. 2. Optic axial angle of plagioclase samples before (open circles) and after (crosses) 
heating. Light curve is for low-temperature plagioclases, taken from Smith (in Hess, in 
press). Heavy curve is tentative curve for maximum high-temperature plagioclases. 


the high-temperature forms in both ways, and the optical properties of 
both products were measured. The measurements are listed in Table 3, 
and they show that no significant differences in any of the optical prop- 
erties result from the difference in the method of heating. 

The average values of 2V, before and after heating are plotted in Fig. 
2. In this figure the curve for low-temperature plagioclases (light-line 
curve) is essentially the same as that in Smith (in Hess, in press), with 
a few additional determinations which are listed in an appendix to the 
present paper. All the samples on which it is based have been studied by 
x-ray methods (J. R. Smith and Yoder, 1956, and unpublished single- 
crystal studies); by comparison with other natural plagioclases, they are 
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known to be the lowest temperature plagioclases so far found. The 
changes in 2V, caused by heating suggest that the curve for maximum 
high-temperature plagioclases has the shape of the heavy line in Fig. 2. 
From this it may be seen that, knowing composition, high-temperature 
and low-temperature plagioclases in the composition ranges An 0 to 
about An 40 and An 60 to about An 90 can be distinguished by accurate 
2V measurements. Relations in the range An 90 to An 100 remain some- 
what ambiguous, and require further study. 


0.0140 0.0140 


0.0130 F- A\ 0.0130 
0.0120 OREO 
AOS, 0.0110 


0.0100 1.590 


0.0090 Total birefrngence 4 
0.0080 411.580 
0.0070 6 
i570 
1.560 — Q 1560 
° 
1,550 [—- Z 
F C i Refractive indices 
1.540|— Ze 
1. 530}- Ss 
| | i {iy i fl t 
Sa 10 20 30 40 50 60 ‘70 80 90 100 


Mole per cent anorthite 


Fic. 3. Total birefringence and refractive indices for maximum high-temperature 
plagioclases (open circles and heavy curves). Light curves are for low-temperature plagio- 
clases, taken from Smith (in Hess, in press). 


The average values of total birefringence and refractive indices after 
final heat treatment are plotted in Fig. 3, and tentative curves are drawn 
for maximum high-temperature plagioclases. The curves shown for low- 
temperature plagioclases are from Smith (in Hess, in press); they are 
based on the same samples as those on which the 2V curve for low-tem- 
perature plagioclases in Fig. 2 is based, but to avoid confusion the deter- 
mined values are not plotted. The significant fact here is that the dif- 
ference in Nx between the low- and high-temperature modifications 
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appears to be very slight in the composition range An 0 to An 20, and 
negligible throughout the remainder of the range. Measurements of Nx 
therefore provide a reliable estimate of the composition of a plagioclase 
regardless of its structural state. In the composition range An 20 to 
An 100, any of the three principal indices provides a reliable composi- 
tion estimate regardless of structural state. 


3. The temperature of the change from low- to high-temperature plagioclases 


The hydrothermal experiments of the present study show that plagio- 
clases in the composition range An 30 to An 80 can be changed to maxi- 
mum high-temperature modifications at temperatures as low as 990° C. 
In other experiments not reported here, it was found that slight, but 
measurable changes toward the high-temperature forms take place in 
natural plagioclases of composition An 20 and An 30 after long hydro- 
thermal treatment at 690° C.; whether the changes would ever go to 
completion at this temperature is not known. Apart from these isolated 
observations, little was learned of the nature of the change from low- to 
high-temperature plagioclases or of the temperature at which it takes 
place under conditions of equilibrium. 


4. Comparison with results of others 


The present results compare well with those of Tuttle and Bowen 
(1950) as far as 2V of high-temperature sodic plagioclases is concerned, 
but differ from their tentative curve for 2V of high-temperature calcic 
plagioclases (cf. their Fig. 4 and present Fig. 2). 

Kano (1955) has measured the refractive indices and 2V’s of many 
sodic plagioclases from lavas. Following a suggestion by Chayes (1952), 
he assumed that Nx and Ny of high-temperature sodic plagioclases are 
not different from Nw and Ny of low-temperature sodic plagioclases, and 
determined the compositions of his samples by refractive index measure- 
ments. This assumption of course prevented him from discovering the 
small but real differences in Nx and Ny, and probably contributed some 
bias to his curve for Nz. However, the results of the present study in 
general agree well with Kano’s. 

Schwarzmann (1956) measured the optical properties of plagioclases 
in inclusions and ejecta in Tertiary volcanic rocks. Her determinations 
of Nx and Nz in the composition range An 20 to An 50 are lower by as 
much as 0.005 than the values determined here for high-temperature 
plagioclases of the same compositions; this represents a difference of as 
much as 6 per cent anorthite if the curves are used for composition 
determinations. The reason for the discrepancy is not apparent. It may 
be that the refractive indices of plagioclases which have been heated as 
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inclusions in lavas differ from those of plagioclases heated under labo- 
ratory conditions; this seems unlikely, because by other optical and 
structural criteria, sodic plagioclases from volcanic rocks are similar to 
those either made or heated in the laboratory (see, for example, Tuttle 
and Bowen, 1950, and Tuttle and Keith, 1954). Part of the discrepancy 
may result from the fact that Schwarzmann determined the compositions 
of most of her samples by optical methods, which is somewhat circuitous 
in a study aimed at discovering differences in optical properties. 


SUMMARY AND CONCLUSIONS 


The change in Nx accompanying the structural change from low- to 
high-temperature plagioclase is slight in the composition range An 0 to 
An 20 and negligible from An 20 to An 100. Ny and Nz change measur- 
ably in the composition range An 0 to An 20, but negligibly in the remain- 
der of the composition range. Measurements of the principal refractive 
indices can therefore give a reliable estimate of the composition of a 
plagioclase regardless of its structural state. 

The changes in 2V accompanying the structural changes are such that 
it may be used to distinguish low-temperature and high-temperature 
plagioclases of known composition in the composition ranges An 0 to 
about An 40 and An 60 to about An 90. This fact will be of use to the 
petrographer who does not have access to an x-ray diffractometer, by 
means of which a more rapid determination of the structural state of a 
plagioclase of known composition can be made. 
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APPENDIX 
ADDITIONAL OPTICAL DATA FOR LOW-TEMPERATURE PLAGIOCLASES 


Measured values of 2V for low-temperature plagioclases are plotted in Fig. 2 of this 
paper. The optical measurements on all but four of these plagioclase samples have been 
published by the writer, either in Hess (in press) or in Table 3 of this paper. The writer’s 
measurements of the optical properties of the remaining four samples have not previously 
been published, and do not appear in Table 3 because the samples in question were not 
heated. In the belief that accurate optical and «x-ray data for chemically analyzed plagi- 
oclases will be of use in future studies, these four samples are described and the measure- 
ments are listed here. Unless otherwise noted, each value listed for optical properties was 
determined on a different grain by the methods referred to in the text. By the following 
x-ray criteria, the four samples are judged to be low-temperature plagioclases: (a) Values 
of 20(131)-26(131) for samples 9(24), 12(97) and 13(92) are similar to those of Bushveld- 
type plagioclases (J. R. Smith and Yoder, 1956); (6) ‘“‘c’’-type reflections are diffuse but 
relatively intense in single-crystal oscillation photographs of grains from sample HGIF- 
AN-53 (cf. Gay, 1954). 


(See lables A and B on following pages) 
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TaBLE A. DESCRIPTION OF PLAGIOCLASE SAMPLES 


Composition 
Sample (mole %)* Occurrence and 
Anal i 
mien i nalyst ect Contributor 
An Aba Os: 


9(24) NM #88 Bos leiG Pecks * Anorthosite, Essex R. C. Emmons 
(Come Ne 


12(97) See aac Ta@oRecks= Plagioclase-rich rock R.C. Emmons 
of metamorphic or- 
igin, Eland, Wis. 


13(92) 2479 4258 253 WAC. eet Same as 12(97), Ti- R.C. Emmons 
gerton, Wis. 


HGIF- Sif Sas 2S I’. H. Oslund*** Large single crystal Allan H. Nicol 
AN-53 in vein-like mass 

in hornblende-ac- 

tin olite schist, Ol- 

ricks{jord Area, 

N.W. Greenland. 


*A =100 ( rae ) Ab= 100 ( aes =) 
ae Catt+Nat+Kt/ ’ > Ga Nae 


K+ 
Or=100 ( ) : 
Catt-+-Nat+Krt 
** Analysis in Emmons, R. C., et al. (1953), Selected Petrogenic Relationships of 
Plagioclase; Geol. Soc. Am. Memoir 52, Table 2, pp. 18-19. 
ek Analysis in Smith, J. R. and Yoder, H. S., Jr. (1956), Variations in X-ray Powder 
Diffraction Patterns of Plagioclase Feldspars; Am. Min. 41, Table 3, p. 639. 


TABLE B. OpricaL AND X-RAY DATA 


20(131) 


¥ Ny and Nz Fao Nie , nL 
Sample Nx Seas Nz—Nx Ne fone! 

soe) 0.00737 hl i) 7 
1.5519 0.00745 U9) 1.79 
1.5524 0.00745 78.8 1.80 
59295 0.00754 79.0 1.80 
1.5526 Ny 0.00760 79.4 —— 
1.5526 1.5558 0.00762 79.8 
1527, 0.00764 80.0 

9(24) 1529 Nz SSSSSSS 80.6 
1.5529 1.5602 a 

(An 47.7) 1.5531 

Li 
ib 
1 


1194 If, IR SAVE 


TABLE B. (Continued) 


. a 20(131) 
Sample Nex Nyand NaS eye QV. —26(131) 
means Cuke 
, Mean Mean Mean Mean 
0(24) eso 20 0.00752 (DF ile 
(An 47.7) Range Range Range Range 
0.0024 0.00027 De 0.01° 
; 002 0.00740 HU oS 1 S22 
1.5562 Ny 0.00742 77.0 1.82 
15562 il Sows 0.00748 iho tl 1.82 
1.5563 0.00758 Wied SS 
1.5563 Nz 0.00758 78.4 ane 
foo 68 1.5638 0.00762 78.5 
12(97) 1.5568 0.00778 78.9 
one —_———- 79.1 
(An 54.5) 
Mean Mean Mean Mean 
1.5563 0.00755 USL? 1.82° 
Range Range Range Range 
0.0006 0.00038 16" 0.01° 
1.5563 0.00756 Cis 2a” 1.80° 
1.5564 Ny 0).00760 WE oS 1.80 
1.55064 1.5595 0.00761 Uo iP still 
13(92) 1.5566 0.00777 78.0 1.82 
1.5566 Nz 0.00786 78.1 =o: 
—— 1.5642 oe USS 
(An 54.9) 78.6 
Mean Mean Mean Mean 
1.5565 0.00768 HU O° etsy 
Range Range Range Range 
0.0003 0.00030 1.4° 0.02° 
1.5714 0.01213 102.8° Dy ae 
1.5718 0.01213 103.6 Des 
1 Slo 0.01217 103.9 DS 
1.5720 Ny 0.01224 104.6 ——= 
HGIF-AN-53 1.5720 1.5794 ——— er 
1.5720 
5122 Nz 
(An 88.7) 1722 1.5841 
Mean Mean Mean Mean 
1.5719 0.01217 OSE = Dom 
Range Range Range Range 
0.0008 0.00011 Late 0.01° 


Manuscript received April 16, 1958. 
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SYNTHETIC CUSPIDINE 


A. VAN VALKENBURG AND G. F. Rynpers, National 
Bureau of Standards, Washington, D. C. 


ABSTRACT 


Cuspidine (3CaO - 2SiO:- CaF») can be synthesized hydrothermally, from crystallizing 
melts, and by solid state reactions. Efforts to substitute hydroxyl for fluoride ions 
in the cuspidine structure were not successful, and this suggested that custerite, 
3CaO ° 2Si0O2-Ca(F,OH)2 may not exist as a mineral. Synthetic cuspidine is monoclinic, 
optically positive with indices of refraction of a=1.591, 6=1.596, and y=1.602 (+.003). 
The extinction angle measured from the ¢ axis is 7°. The specific gravity was determined as 
3.05. Cuspidine melts congruently at approximately 1410° C. at atmospheric pressure. On 
prolonged heating cuspidine alters to y-2CaO : SiO» with the escape of silicon tetrafluoride. 
Powder «x-ray data, a differential thermal curve and an infrared spectrogram are given. 


INTRODUCTION 


Cuspidine (3CaO:2SiO.:CaF».) was obtained as a hydrothermal reac- 
tion product in experiments designed to substitute fluoride for hydroxyl 
ions in a calcium hydro-garnet. The optical properties of this synthetic 
cuspidine corresponded to the natural mineral described by Scacchi in 
1876. The material was found in ejected blocks of metamorphosed lime- 
stone at Vesuvius [1]. The natural crystals had a characteristic spear- 
shape and were referred to by Scacchi as cuspis, the Latin word for spear, 
hence the name cuspidine. Figure 1 shows natural cuspidine crystals from 
Vesuvius having the characteristic spear outline. Cuspidine has been 
synthesized by V. V. Lapin [2] in 1944, who identified the material from 
reaction products formed in electric welding slags; by C. E. Tilley [3] in 
1947, who sintered CaCOs, SiO, and excess CaF: at 1140° C.; and by 
McCaughey, Kautz and Wells [4] in 1948, from melts consisting of CaO, 
CaF, and SiOx. 

In 1913 Umpleby, Schaller and Larsen [5] described a mineral with 
essentially the same composition as cuspidine except that it contained 
some hydroxyl groups, and they named the mineral custerite. The opti- 
cal indices reported for custerite were significantly lower than those 
found for cuspidine, and this seemed strange, for it is well-known with 
silicates that the indices of refraction increase when a hydroxyl replaces 
a fluoride ion. Tilley [3], in his excellent work on cuspidine, seriously 
doubted the existence of a hydroxyl-bearing cuspidine (custerite) as de- 
scribed by Umpleby et al., and he showed quite conclusively from x-ray, 
optical and chemical data that cuspidine and custerite were one and the 
same mineral. Through the courtesy of Dr. George Switzer of the U.S. 
National Museum, the authors obtained a specimen of custerite from 
Custer County, Idaho, and found that it had essentially the same «-ray 
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Fic. 1. Natural cuspidine from Vesuvius. Magnification 50X. 


and optical properties as cuspidine. Since no one had attempetd experi- 
mentally to replace fluorine by hydroxyl! in the cuspidine structure, it 
was decided to study the hydrothermal reactions of mixes corresponding 
to cuspidine, with and without fluorine. The investigation was carried 
on at the National Bureau of Standards as part of a larger program of 
fluorine substitution in hydroxyl silicates under the sponsorship of the 
Office of Naval Research. 


EXPERIMENTAL WORK 


Crystallizations from Melt 


Cuspidine can be readily synthesized from a melt having the composi- 
tion in weight per cent of CaO=45.9, SiO, =32.8 and CaF)= 21.3. This 
composition corresponds to the formula proportions and it melts con- 
gruently under a vapor pressure of fluorine. Platinum crucibles were used 
in all experiments to avoid contamination of the charge as fluoride melts 
are quite corrosive with refractory materials. For practical considera- 
tions cuspidine can be crystallized from a melt in air, as the vapor pres- 
sure of the fluorine melt is quite low at elevated temperatures. Usually a 
platinum cover is placed over the crucible to lessen the escape of volatile 
constituents. Synthetic cuspidine melts at 1410° C.+10° as determined 
by the well-known quench technique. A variation of this technique was 
employed to obtain reproducible results. The quench technique requires 
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the use of small samples of 0.1 gram or less to ensure quick freezing when 
the sample is dropped from the furnace into the quenching medium. This 
technique does not work well when a volatile constituent is present, as 
slight losses greatly change the bulk composition of small samples. Con- 
sequently, large errors are introduced in determining the melting tem- 
perature. With the use of large samples of a gram, or more, one can 
minimize this difficulty and slight losses do not appear to alter the bulk 
composition. The quenching of a large sample, however, will not produce 
uniform conditions of freezing within the charge. For example, a melt 
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Fic. 2. Differential thermal curve of synthetic cuspidine. 


when quenched will form a glass at the interface of the container and the 
glass will grade to crystalline material towards the center, where cooling 
is slower. Quenching at successively lower temperatures will decrease 
the proportion of glass to crystalline material, and by carefully analyzing 
the frozen surface adjacent to the container wall by means of a petro- 
graphic microscope, one can establish the temperature of crystallization 
within one or two degrees centigrade. 

A differential thermal analysis of synthetic cuspidine crystallized from 
a melt was made to determine the possible existence of high temperature 
polymorphic forms. Figure 2 is the differential thermal curve which was 
made at a heating rate of 12° per minute in a conventional apparatus. 
The temperatures indicated in this figure and elsewhere are all given in 
degrees centigrade. There is no indication of a phase change occurring 
before the endothermic break at 1405°, which agrees satisfactorily with 
the melting temperature obtained by quenching. . 

Figure 3 is an infrared transmission spectrogram of synthetic cuspi- 
dine crystallized from a melt. The spectrogram was made by pressing 
powdered cuspidine with powdered potassium bromide into a clear 
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Fic. 3. Infrared spectrogram of synthetic cuspidine. 


{transparent pellet. The scanning instrument was a double beam spec- 
trometer. The major absorption peak occurs at a wavelength of 10.3 
microns and it is attributed to the stretching moments of the Si-O bonds. 
The second absorption peak occurring at 11.7 microns has not been 
identified. 


Hydrothermal Synthesis 


A series of hydrothermal experiments were made to synthesize cuspi- 
dine in the presence of water vapor to determine the possibility of sub- 
stituting hydroxyl for fluoride ions. The apparatus used in these experi- 
ments was of the “‘cold seal type’? developed by personnel of the Geo- 
physical Laboratory. The reaction products were identified by x-ray 
and microscopic techniques. The raw batch materials consisted of cal- 
cium carbonate, silicic acid and calcium fluoride of reagent grade com- 
pounded in formula proportions. Compositions corresponding to cuspi- 
dine were prepared by mixing and grinding together the above con- 
stituents in stoichiometric proportions. Cuspidine has the molar ratio 
of Ca:Si:F=8:4:4. The ratios were 8:4:4, 8:4:3, 8:4:2, 8:4:1, and 
8:4:0, with the last being equivalent to a hypothetical hydrous end 
member of the series. These mixtures were treated in the presence of five 
to ten per cent of water in sealed platinum capsules at temperatures from 
500° to 700° C. at 20,000 psi. The experiments lasted from 3 to 7 days. 
The results are summarized in Table 1. The major phase in composi- 
tions 8:4:4, 8:4:3, and 8:4:2 was cuspidine with secondary phases of 
B-CaO- SiOz and 6CaO-3SiO.:2H2O. Small amounts of calcite were ob- 
served in the composition 8:4:2 at 500° and 600°C. and probably repre- 
sent uncombined material. The major phase in composition 8:4:1 was 
6CaO:3Si02:2H2O with cuspidine next in abundance. Small amounts of 
CaF: were also observed in this composition. In composition 8:4:0 the 
compound 6CaO-3SiO2:2H2O constituted the major phase with minor 
amounts of y-2CaO- SiO» present. It was observed that when the fluorine 
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content of the batches was reduced, as in compositions 8:4:3, 8:4:2 and 
8:4:1, there was a reduction in the amount of cuspidine and 6-CaO: SiO, 
and a corresponding increase in the amounts of 6CaO-3SiO)-2H.O. A 
synthetic cuspidine prepared from a melt, when treated at 800° C. and 
20,000 psi in the presence of water vapor for four days, produced a large 
percentage of CaO: SiO» and CaF». This indicates that the upper hydro- 
‘thermal stability range is near 800° C. at 20,000 psi. In all the experi- 


TABLE 1. HypROTHERMAL CUSPIDINE EXPERIMENTS AT 
20,000 pst FoR 3-7 Days 


Temperatures 
Composition : 
Cas suit 500° 600° 700° 
8:4:4 Cus pidine* Cus pidine Cus pidine 
B CaO: SiOz B CaO: SiO, B CaO: SiOz 
6CaO : 3Si02: 2H20 
8:4:3 Cus pidine Cus pidine Cus pidine 
6B CaO: SiOz B CaO: SiO» 8B CaO: SiO» 
6CaO - 35102: 2H:O 
8:4:2 Cus pidine Cus pidine Cus pidine 
6B CaO: SiOz B CaO: SiO» B CaO: SiOz 
CaCO; CaCO; 6CaO - 3Si02- 2H20 
8:4:1 6CaO-: 3SiO2:2H0 6CaO: 3Si0:: 2H20 6CaO + 3Si02° 2HO 
Unidentified Phase Cuspidine Cuspidine 
CaF» B CaO- SiO: CaF, 
CaF; 
8:4:0 6CaO- 3Si02: 2H20 6CaO+ 3SiO2: 2H20 6CaO : 3S102 *2H0 
y-2CaO: SiO» y-2CaO: SiO2 y-2CaO : SiOz 


* Underlined item indicates major phase. 


ments where cuspidine formed in the presence of water vapor, the a-ray 
powder patterns and the indices of refraction for this compound re- 
mained constant and were identical to cuspidine crystallized from melts. 
These results appear to confirm Tilley’s observations that hydroxyl 
groups are not a constituent part of the cuspidine structure; and the 
authors wish to join with him in discrediting the mineral name custerite, 
and they suggest the name be dropped from the literature. 


Solid State Synthesis 


Three compositions, 8:4:4, 8:4:3, and 8:4:2, were heated in a 
= fe) + 
crimped platinum envelope in the absence of water at 1000° C. and 
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atmospheric pressure for 22 days. Solid state reactions occurred. The 
8:4:4 composition resulted in the formation of cuspidine with minor 
amounts of B-CaO-SiO, and y-2CaO- SiO». Decreasing the amount 
of fluorine in these experiments resulted in increased formation of 
y-2CaQ-SiO». Cuspidine was also synthesized by solid state reactions 
using a hot press technique. The raw ingredients were first compressed 
into a wafer of about 1” in diameter by 3” thick. The wafer was then 
placed between two opposing carbon pistons enclosed in a carbon cylin- 
der. Heat was obtained by the internal electrical resistance of the carbon 
cylinder. Cuspidine formed readily at 900° C. and 2,000 psi when left for 
© hour. At 1150° C. and 2,000 psi, the cuspidine batch extruded along 
the cylinder walls acting as if it were a fluid phase. When synthetic cus- 
pidine is heated in air at 1200° C. for 12 hours or longer, it is converted 
into fine polycrystalline aggregates of y-2CaO-SiOv. 


PROPERTIES OF SYNTHETIC CUSPIDINE 


The optical properties of the synthetic cuspidine were measured by 
oil immersion techniques on crystals grown hydrothermally, from melts, 
and by solid state reactions. The mineral has monoclinic symmetry and 
is biaxially positive in character. The extinction angle, measured from 
the c axis, is about 7°. The indices of refraction are a=1.591, B=1.595 
and y=1.602+0.003. The optic angle 2V =76° (estimated). 

Density measurements were made on a Berman Torsion Balance 
using toluene as the immersing medium, and an average value of 3.05 
g/cm’+1% was obtained. This was thought to be high as the values 
reported in the literature were 2.9 or less. To check the accuracy of the 
density measurement against other known constants of cuspidine, the 
principle of Gladstone and Dale was employed. This principle is stated 
in the formula K=n—1/d, where n= mean index of refraction, d= den- 
sity and K = the specific refraction of any substance. K was calculated for 
cuspidine from Larsen and Berman’s table of specific refraction of the 
chief constituents of minerals [6]. Cuspidine’s mean index of refraction 
was calculated using d=3.05 and it was found to be 1.596, which is the 
same as the observed value of 1.596. If the value 2.9 is used for d, the 
mean index is found to be 1.586. The principle of Gladstone and Dale is 
an excellent tool for checking the accuracy of optical data and densities 
when the formula of a compound is known. The recent article by Jaffe 
[7] is an excellent example of the usefulness of this principle. 

Table 2 contains the x-ray powder pattern data obtained from syn- 
thetic cuspidine made from a crystallizing melt. For comparison a natural 
cuspidine from Monte Somma, Italy, has been included. The patterns 
were made on an x-ray diffractometer using copper K, radiation. 


TABLE 2. CUSPIDINE 


NBS Synthetic Specimen from Monte Somma, Italy 

d Il d I 

\ A 

== = 10.11 13 
7.36 4 7.36 9 
i Mil 3 FAW 3 
SM 3 5.28 3 
Hails 4 5-144 4 
4.624 3 4.624 1 
4.554 3 4.554 4 
4.23 3 4.23 3 
3.68 7 3.68 9 
3.42 4 3.43 4 
3.361 DAL 3.363 14 
32257 7 3.259 OZ 
3.064 100 3.062 100 

— — 3.034 26 
2.944 16 2.943 37 
2.930 14 = = 
2.898 17 2.900 28 
2.871 40 DEST 29 
2.8194 4 = == 
2.568 4 2.569 6 
BASSO) 7 D550) 7 
2.520 1 Dy SyAi| Al 
2.493 8 2.493 8 
2.477 <<a 2.479 4 
2.452 4 2.451 3 
2.435 <1 2.435 <il 
2.420 <1 2.421 2 
2eso" 8 2.307 0 
2.292 14 2.289 10 
2S 3 2.158 3 
2.089 3 2.089 4 
2.063 8 2.063 y) 
2.047 7 2.047 7 
2.016 16 2.018 17 
1.995 4 1.994 4 
1.985 4 1.984 4 
1.959 1 1.959 fa) 
1.884 Dill 1.883 9 
1.832 7 1.832 14 
1.821 10 1.821 11 
1.809 6 1.809 8 
1.787 3 1.787 3 
1.770 1 110 2 
783 7 iL 7338) 11 
1.691 3 1.691 4 
1.658 1 1.658 3 


4 Indicates diffused. 
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TABLE 3. VALUES OF DIELECTRIC ConsTANT (K) AND THE QUALITY 
Factor (Q) with TEMPERATURE AT 1 MEGACYCLE 


EME K Q 
25 5.8 160 
50 5.8 400 
aS 5.8 310 

100 aw) 270 

125 5.9 210 

150 5.9 170 

200 6.0 110 

300 6.3 53 

400 (7 19 

Pe 10 


500 


Preliminary work on the electrical properties of synthetic cuspidine 
formed by solid state reactions indicate that the dielectric constant K 
increases with a rise in temperature, while the quality factor Q decreases. 
It was also found that with increasing frequency Q and K decrease in 
value. Table 3 gives the variation of K and Q at one megacycle with 
temperatures up to 500° C. The test specimen was not previously dried 
and the low Q value of 160 at 25° C. is probably the result of moisture 
contaminating the specimen surfaces. 
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NOTES AND NEWS 
ESKOLAITE, Cr.O;, IN “MERUMITE” FROM BRITISH GUIANA* 


CHARLES MILTON AND Epwarp C. T. Cuao, U.S. Geological 
Survey, Washington 25, D.C. 


The account by Kuovo and Vuorelainen on page 1098 of this issue of 
the discovery in Finland of eskolaite, chromic oxide, makes it of interest 
to report that the same mineral is a major constituent of black pebbles 
found in the bed of the Merume River, British Guiana. The pebbles, 
normally under a centimeter in size, but occasionally ten times as large, 
were described by Bracewell (1946) as a new mineral, merumite. Ac- 
tually, merumite is not a simple mineral, or even an essentially single 
though impure species, but rather an aggregate of eskolaite and possibly 
two new chromium oxide minerals with quartz, pyrophyllite, and perhaps 
other substances. We are now studying merumite, and at a later date will 
present our findings. 

Eskolaite from British Guiana has not been analyzed—only various 
specimens of merumite. One analysis of merumite is given by Brace- 
well, and others have since been made by commercial firms. CroO3 gen- 
erally exceeds 75%, alumina and water 7% or 8% each, and silica, iron, 
titania from about 1% to 5%. Vanadium is less than 0.2%. The x-ray 
diffraction patterns of the British Guiana eskolaite (which has a charac- 
teristic green streak by which it may be recognized) and that of commer- 
cial reagent anhydrous chromic oxide, Cr2Os, are identical. 

At present little is known of the provenance of the British Guiana 
merumite. All the specimens studied were free from any matrix rock, and 
the material has been found only in the stream gravels. None of the min- 
erals listed by Kuovo and Vuorelainen as associated with the eskolaite 
in Finland has been found in our samples of merumite. 

We are indebted to Dr. R. B. McConnell, Director of the Geological 
Survey of British Guiana, and to Murray R. Director, President of the 
Director International Corporation, New York City, who have gener- 
ously given us noteworthy specimens of merumite for study. 
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SOME NEW OCCURRENCES OF SASSOLITE IN THE UNITED STATES* 
Rosert L. Surru, U. S. Geological Survey, Washington 25, D.C. 


Recent finds of sassolite (B.O3:3H2O) in southern California, Allen 
and Kramer (1957) and Smith, Almond, and Sawyer (1958) have 
prompted the author to place on record three heretofore unpublished 
localities. These sassolite finds, although not as well documented as 
could be desired, seem worth recording in the literature because of the 
present widespread interest in boron minerals and relative rarity of 
sassolite. 


STEAMBOAT SPRINGS, WASHOE County, NEVADA 


In 1941, the author made a study of the minerals of the Steamboat 
Springs hot spring area. Sassolite was found in crystalline incrustations 
on the roof and walls of a partly enclosed large hole in a siliceous sinter 
terrace. The hole was 8 or 9 feet deep and perhaps 10 to 12 feet in inside 
diameter. The walls were curved over to form a domelike roof. A hole in 
the roof gave access to the interior. The hole had formerly been filled 
with hot water and was perhaps an extinct geyser pool. Lowering of the 
water table had drained the pool so that in 1941, it was relatively dry, 
but steam issued from small vents in the floor. The sassolite seemed to be 
forming at the time by evaporation of droplets of water condensed from 
the steam. The mineral occurred in very thin, transparent, curved, cello- 
phanelike flakes of small size. Perhaps some were as large as 2 milli- 
meters in diameter. The mineral was determined to be sassolite on the 
basis of optical properties, presence of boron (flame test), and its solu- 
bility in water and alcohol. The indices of refraction were not precisely 
determined but were judged to be consistent with the values for sassolite 


given by Larsen and Berman (1934). As determined, the optical proper- 
ties were: 


a>water (1.33) <ethyl alcohol (1.36), 8 and y>1.45<1.46, Biaxial (—), very small 2y. 


This material was compared optically and by chemical tests with type 
sassolite from Sasso, Italy, and the two seemed to be identical minerals. 
The specimens were left with the Geology Department of the University 


of Nevada. 
THE GEYSERS, SONOMA CouNTY, CALIFORNIA 


In 1942, the author was asked to identify some minerals from the col- 
lection of the late J. B. Nichols of Sacramento, California. Among these 


* Publication authorized by the Director, U. S. Geological Survey. 
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minerals was a group from the well known geyser area, Sonoma County, 
Culifornia. These specimens were collected by J. B. Nichols and the late 
M. Vonsen from Petaluma, California. One specimen consisted of a matte 
of tiny transparent flakes that had the same optical properties as the 
Steamboat Springs sassolite. The presence of boron was confirmed by 
flame test. The same group of specimens contained boussingaltite and 
mascagnite and other minerals well known from the Sonoma County lo- 
cality. The specimen of sassolite was retained as part of Mr. Nichols’ col- 
lection. The disposition of the collection after Mr. Nichols’ death a few 
years ago, is not known to the author. 


Norris GEYSER BASIN, YELLOWSTONE NATIONAL PARK 


In 1954, the author examined a number of mineral specimens sub- 
mitted by the National Park Service to the Geological Survey for identi- 
fication. These specimens were collected in the Norris Geyser Basin and 
consisted predominantly of water soluble sulphates and other solfataric 
and hot spring deposits. One sample consisted of small nodular growths 
of halite intimately intergrown with at least three unidentified minerals. 
Sassolite occurred in tiny, curved, transparent flakes coating the other 
minerals. The optical properties, presence of boron, and its solubility 
in water and alcohol serve to identify the mineral as sassolite. This 
material has been retained by the author pending identification of the 
unidentified minerals. 

These three localities, and the presence of boron-bearing waters in 
each, are of interest in that they are all areas of geyser activity. 
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NATROJAROSITE FROM NEAR THE MONTANA-WYOMING LINE 
RICHARD S. MITCHELL AND WILLIAM F. GIANNINI, 


University of Virginia, Charlottesville, Virginia 


The purpose of this paper is to report an occurrence of natrojarosite, 
NaFe;(SOx)2(OH)¢, near the Montana-Wyoming line. The senior writer 
first noticed this material in August of 1954, but was not able to study it 
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adequately until more material was collected in September of 1957. Other 
American localities of this relatively uncommon mineral are Lawrence 
County, South Dakota (Headden, 1893), Soda Springs Valley, Nevada 
(Hillebrand and Penfield, 1902), Kingman, Arizona (Shannon and 
Gonyer, 1927), and Luna County, New Mexico (Ford, 1932). 

The natrojarosite occurs in sediments of the Gypsum Spring anticline 
in an exposure in Sec. 21, T. 9 S., R. 27 E., Carbon County, Montana, 
about 3 miles north of the Montana-Wyoming line (Fig. 1). Natrojaro- 
site is associated with fragments of carbonized wood and gypsum in a 
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Fic. 1. Map showing natrojarosite locality. Chevron points to area where mineral is 
exposed. The town of Cowley (on U.S. 310) lies about 8 miles south of the Montana- 
Wyoming line on the road shown. 


fine-grained gray sandstone which is about 23 feet thick and is in se- 
quence with other sandstones. The beds here dip eastward and have been 
transected by an intermittent creek. The specimens were collected several 
yards downstream from where the road crosses the creek. Sediments con- 
taining the natrojarosite apparently belong to the Morrison formation 
of the Upper Jurassic. This material is overlain by other sandstones and 
greenish-gray shales containing dinosaur (?) bones. The stratum is under- 
lain by sandstones, including a greenish-gray cross-bedded glauconitic 
type characteristic of the Upper Sundance formation of the Jurassic. 
Numerous belemnite remains are found immediately below this glau- 
conitic sandstone. The general stratigraphy and structure of this area 
have been outlined by Blackstone (1940). 


The natrojarosite occurs as a very fine-grained bright-yellow powder. 
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For a tentative identification some simple chemical tests were performed. 
The powder readily dissolved in warm hydrochloric acid to give a yellow 
solution. The addition of barium chloride to this solution formed a white 
cloudy precipitate indicating the presence of sulfate. When fused with 
charcoal and sodium carbonate and placed on a clean silver coin a dark 
stain resulted, thus indicating the presence of sulfur. An excellent test 
for ferric iron was obtained upon the addition of potassium ferrocyanide 
to a solution in hydrochloric acid. A flame test showed the intense per- 
sistent yellow coloration for sodium. In boiling water the mineral was ap- 
parently insoluble. 

A semiquantitative spectrographic analysis* confirmed the fact that 
sodium is the major alkali metal present. The ratio of sodium to potas- 
sium determined by this method is 3 to 1. This analysis also detected 
the presence of considerable silica (up to 25%). That silica is present as 
an intermixed impurity was shown by a study of insoluble residues and 
by «x-ray diffraction patterns. Small amounts of the following elements 
were also detected by the spectrographic analysis: Al, Ca, Sr, Ba, Ti, 
Mg, Zr, Mn and Cu. Although these elements are probably due to im- 
purity compounds, it should be noted that Al (1.75% AleO3 was de- 
tected) could substitute isomorphously for some of the Fe, and Ca, Sr 
and Ba could substitute for Na (Kulp and Adler, 1950). 

For a final check on the identification of this substance six samples, 
taken from different specimens and associations, were studied by the 
x-ray powder method. The measured «-ray data listed in Table 1, repre- 
sent an average of values obtained for these six films made with FeK. 
radiation in cameras with a diameter of 11.46 cm. Using data available 
in the literature the films were partially indexed using the Davey charts 
(Davey, 1922). From the powder data the unit cell values obtained are 
ao=7.34 A and co=16.72 A, with ao:co=1:2.278. Using these values all 
possible d spacings down to 1.35 A were calculated. The excellent corre- 
lation obtained between these calculated values and the observed values 
is presented in Table 1. Observed values correspond only with d values 
for reflections which are allowed by an R3m space group and this is the 
reported space group for natrojarosite. The structure cell dimensions for 
the Montana natrojarosite are slightly larger than those reported by 
Hendricks (1937) for this mineral. Perhaps the slight isomorphous re- 
placement of sodium by potassium would contribute to this difference. 

Because of the intimate association of the natrojarosite powder with 
other minerals, occasional impurity lines were noticed on some of the 
x-ray films. The most consistent impurity lines were from the quartz 


* This analysis was performed by the American Spectrographic Laboratories, Inc., San 


Francisco, California. 
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TasBie 1. X-Ray PowpER Data ON NATROJAROSITE FROM CARBON County, MONTANA. 
ao=7.34 A; co=16.72 A; ao:co=1:2.278. FeKa RADIATION 


hkl Eicon) A d obs.) A Tbs.) 
10-1 5.94 5.94 Ww 
00-3 SEO Sai mw 
01-2 5.06 5.06 vs 
11-0 3.67 Say vw 
10-4 3.49 3.49 vw 
O2ei ely al ms 
f=3 3.07 3.06 Ss 
20-2 2.97 
01-5 2.96 2.96 vw 
00:6 2.79 2.78 vw 
02-4 DSS DeoS Ww 
loa 2.38 
1D P| 
20°5 2.30 
10:7 2.24 Dune m 
11:6 DDD 
30-0 Dale Do ANG vw 
21:4 2.08 
01-8, 30-3 1.98 1.98 m 
125 1.95 
02° 7 1.91 1.91 vvw 
00-9 1.86 
Dea) 1.84 1.83 mw 
syouk, ADS 3 iS 
22-3 1.74 1.74 VVWw 
Sle 7S il eA VVWw 
Die, 60R6 1.69 
lile®) 1.66 
13-4, 10-10 1.62 
12-8 1.58 
31-5 i SY vw 
22-6 OS 1.54 vw 
O2 ORO Tea 1.48 1.48 vw 
Ei 1.42 
30:9 1.40 
00-12, 14-0 1.39 
Le ANG), Ade abil Loi 
$1°8,/41-3 SS: 1S WAANY 


10-0 (4.26 A) and 10-1 (3.34 A) reflections. The intensities of these, rela- 
tive to natrojarosite, varied on five of the films and on a sixth one they 
were completely missing. 

Because microscopic examination revealed no evidence of single crys- 
tals, it was virtually impossible to obtain optical data. 
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The matrix rock with which the natrojarosite is associated is a gray to 
buff fine-grained sandstone showing an apparently ripple-marked struc- 
ture. An w-ray study of the sandstone revealed a composition of quartz 
and illite. Scattered throughout the rock are irregularly shaped frag- 
ments of black carbonaceous matter averaging about an inch or less 
across. Most of these black fragments resemble common charcoal, but a 
few were noted with a brilliant pitchy luster and good conchoidal frac- 
ture. Small splinters of each type of carbonaceous matter were x-rayed 
using the powder method. In addition to the broad diffuse bands typical 
of amorphous solids, lines for natrojarosite were observed. A light-brown 
earthy powder in small cavities and crusts is associated with the rock. 
An excellent correlation was obtained between x-ray powder data for 
this earthy powder and goethite. Also brown stains streak the gray 
sandstone. Selenite gypsum commonly occurs in the specimens as thin 
crusts. Two fossil bone fragments, the largest measuring three by four 
inches, were noted in the deposit. These are cellular, and vary in color 
from yellow-brown to dark red-gray. A typical apatite pattern was ob- 
tained from these by the diffraction method, but an exact categorization 
of the apatite mineral was not achieved. 

Natrojarosite is associated with all the minerals in the deposit. Cavity 
fillings and discontinuous crusts rarely thicker than 1/16 inch were found 
in the sandstone. The yellow powder commonly surrounds the carbona- 
ceous fragments and frequently veins them. In one specimen natrojaro- 
site has almost completely replaced the carbonaceous material leaving 
only a woody structure and a few black streaks in a yellow irregular 
patch. X-ray study revealed natrojarosite even in apparently pure black 
splinters of the carbonaceous material. The relationship between goethite 
powder and natrojarosite suggests that goethite may result from the al- 
teration of this sulfate. Crusts of the two minerals seem to grade into 
each other and most of the natrojarosite has some brown stains. Natro- 
jarosite fills some cavities between crystals in the selenite crusts, but an 
intimate relationship between these sulfates, like one might expect, does 
not seem to exist. The bone fragments also contain thin coatings of 
natrojarosite on their outer surfaces. This association was verified by 
x-ray data. Of all these minerals it appears that natrojarosite is most inti- 
mately associated with the carbonaceous material of the rock. 

After the completion of this study the writers received samples of a 
yellow mineral collected in Big Horn County, Wyoming, about 40 miles 
from the locality described above. This material is identical to that al- 
ready described. X-ray films have identical d values and show the ma- 
terial is of exceptional purity. Crusts up to 4 an inch wide are associated 
with a gray-brown sandstone. Much carbonized wood and gypsum are 
also present. The total thickness of these sediments, which belong to the 
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Morrison formation, is about 6 feet. The material described is from a 
uranium claim, owned by Mr. Irvin Asay, which is located 4 miles east of 
U. S. 310 on a turn-off about 13% miles southeast of Lovell, Wyoming. 

The discovery of this second locality suggests that natrojarosite may 
be of widespread occurrence in the Morrison formation within and 
around the Big Horn Basin. 

The writers wish to express their gratitude to Mr. C. F. Mitchell, of 
Lovell, Wyoming, for his assistance in checking certain field data in- 
cluded in this paper, and for collecting specimens from the Asay proper- 
ty. 
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X-RAY DATA FOR DOLOMITE AND ANKERITE 


R. A. Howie and F. M. Broapuurst, Geology Department, 
The University, Manchester, England. 


Although the structure of dolomite was determined by Wyckoff and 
Merwin (1924) and by Wasatjerna (1924), the effect of the replacement 
of magnesium by iron on the cell parameters has remained in doubt. 
Wyckoff and Merwin examined various specimens of dolomite, two of 
them having over 10% FeO by weight, and using single crystal photo- 
graphs they found that the cell sizes were identical within experimental 
error. Schoklitsch (1935), however, using the powder method, gave val- 
ues for dolomite with 1.17% FeO of a,, 6.007 A,* a 47°32’ or a 4.843, 
c 15.95 A on hexagonal axes and for ankerite with 16.43% FeO a,, 
6.062 A, w 46°58’ or a 4. 832, c 16.14 A; these results indicating that the 


: wie ee ; ey, 
Original values given in kX units have been converted to A. 
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c dimension increased with the substitution of the larger ferrous ion for 
magnesium but that the a dimension decreased. 

Two analysed specimens available for study were the Haley dolomite 
(Harker and Tuttle, 1955) which shows an almost negligible iron con- 
tent, and an ankerite from the British Coal Measures with a composition 
approaching Cas3(Mg2Fe)(COs)s (Broadhurst and Howie, 1958): the anal- 


TABLE 1. ANALYSES AND PROPERTIES OF DOLOMITE AND ANKERITE 


1 2 1A Din 

SiOz OR 0.15 ess 002 
TiO, nil (We, Heme .006 330 
AlO3 nil 0.28 Mn 022 
FeO; tr. 0.10 Mg 973 626 
FeO 0.22 12.06 Ca 1.036 1.024 
MnO nil Od Na 002 
MgO MW 12.85 COz 1.993 1.995 
CaO Sil i 29.23 
Na,O n.d. 0.06 Atomic percentages 
K,0 n.d. 0.01 
CO» 47.22 44.70 Mg 48 .3 Sil 2 
H207 0.02 0.02 Fe ORS 16.6 

a ———— Mn hol 
Total 99.97 100.23 Ca 51.4 Sil ail 
D 2.86 2.97 
é 1.503 il BUS 
a) 1.680 70 


1. White dolomite, Ross Township, Haley, Ontario (Harker and Tuttle, 1955). Ana- 
lyst: R. A. Howie. 
2. Yellow ankerite, Bed OC 8, Oak Victoria Colliery, Oldham, Lancashire (Broadhurst 


and Howie, 1958). 
1A and 2A. Analyses recalculated to show the number of metal ions on the basis of 


6 oxygen ions. 


yses of these minerals are given in Table 1, the specific gravity for the 
dolomite being quoted from Zen (1956). The more iron-rich of these two 
minerals has been called ankerite following the nomenclature of Smythe 
and Dunham (1947, p. 66) and of Hey (1955). Palache et al. (1951) rec- 
ommended that the names dolomite and ankerite should depend on the 
ratio of Mg to Fe*? in the Mg positions, but arbitrarily divided the series 
at Mg: Fe=1:1, referring material with Mg> Fe to the species dolomite 
and material with Fe> Mg to the species ankerite. With their nomen- 
clature, the material of analysis 2 would be termed ferroan dolomite. A 
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disadvantage of this nomenclature is that the term ferroan dolomite is 
used for material relatively poor in iron whilst the term ferrodolomite 
has previously been used for the iron end-member FeMg(COs3)2, confu- 
sion in terminology may therefore easily arise. A plot of carbonate anal- 
yses in the series CaMg(COs)2-CaFe(COs)s, e.g. Hiigi (1945), Smythe 
and Dunham (1947), shows a grouping around the centre of the series in 


TABLE 2. X-RAY SPACINGS, INDICES AND INTENSITIES 


: Dolomite Ankerite F Dolomite Ankerite 
CS ae aA) 1 Dial, SET aa I d(A) I 
1011 100 4.025 15 IPN — Ges Wile AY ihaslye 3 
0112 «110 3.690 25 3.704 15 3142 301 1.144 10 1.144 2 
1014 211 2.886 500 2.899 500 213), 10") 532 1.123 25 1.126 3 
0006 222 2.670 50 2.685 15 1344 es —* Aeatiti2 3 
0115 221 2.540 40 DSP 10 2246 420 s : 
1120 101 2.405 50 2.411 15 fe 522/ ie i eter iy 
1123 210 2.192 150 2.199 30 000, 15 555 1.068 5 1.066 1 
0221 «111 2.066 25 2.067 5 4044 400 1.008 20 1.010 2 
2022 200 2.015 75 2.020 15 3148 521 1.001 25 1.003 3 
0224 220 1.848 25 1.852 5 101,16 655 9735 15 976 1 
0118 332 ae 100 VP 30 S03) c12 moss -962 25 966 3 
IX) 1.7.86 3252 213 949 5 953 1 
0009 333 1.781f Se h ne se 3254 411 .930 5 
2131 201 1.567 40 1.569 5 213,14 356 926 15 
1252 edn 1.545 50 1.548 10 4048 044 923 iS 
101,10 433 1.496 10 1.501 2 3255 124 913 5 
2134 310 1.465 25 1.468 10 4150 312 909 10 
0228 224 1.445 20 1.449 15 || 202, . 466) B08 E 
1129 432 1.431 50 1.436 5 314,11 632 é , 

1235 320 1.413 20 1.416 2 224,12 642 894 10 
0330 112 1.389 75 1.391 5 213 , 16 754 845 15 
000,12 444 1.335 40 1.341 5 fe SOS 835 20 
2137 421 1.297 20 1.300 2 325,10 631 821 10 
022,10 442 1.269 20 1.273 2 
1238 431 1.238 25 1.241 5 
2240 202 1.202 15 1.205 2 


* For dolomite this line was obscured by a line of the Si standard. 


line with the accustomed use of the term ankerite. Dolomites with only 
moderate amounts of ferrous iron are less common, while carbonates 
with greater than 70% of the CaFe(COs)2 molecule are rare: thus to split 
the series arbitrarily at 50% CaFe(CO;)2 obscures the prevalence of ma- 
terial of this intermediate composition. Accordingly for the material of 
composition Cas(Mg»Fe)(COs)5 here discussed the name ankerite is pre- 
ferred. 

The x-ray powder data were obtained on the Philips high-angle x-ray 
diffractometer with CuK, radiation, using a scanning speed of 0.25° 260 
per minute and chart speed of 2.67 cm. per 1° 20. Silicon was mixed with 
the powdered carbonate as an internal standard and linearly interpolated 
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corrections were applied to the 26 values measured from the carbonate 
peaks. The reproducibility of the d-spacings finally determined was 
+0.001 A. The diffraction pattern obtained was indexed on hexagonal 
axes using the approximate cell dimensions: after the cell dimensions had 
been accurately determined from the 1120, 0330, 2240, and 0006, 000,12 
and 000,15 reflections for a and ¢ respectively the d-spacings of all pos- 
sible reflections up to 20= 140° were tabulated and compared with those 
observed, leading to the complete indexing of the pattern (Table 2). 
The relative intensities of the reflections are given in terms of peak 
heights, that of the strong 1014 reflection being arbitrarily assigned an 
intensity of 500 in each case to avoid giving fractional values for the high 
angle reflections. The indices assigned differ in some details from those 
given to the dolomite-type powder patterns by Bradley et al. (1953). 
The accurate cell parameters obtained from the powder data are: 


a(A) c(A) c/a — dn(A) a 
Dolomite, Haley, Ontario 4.810+40.002 16.02+0.001 3.330 6.020 47°07’ 
Ankerite, Oldham, Lancashire 4.819 16.10 3.341 6.045 47°00’ 


Space group R23. 


The values for dolomite are thus comparable with the results of previ- 
ous workers. The effect of the substitution of roughly one third of the 
magnesium ions by the larger ferrous iron ion in the ankerite examined is 
seen to be an increase in both the a and c dimensions, as might be ex- 
pected from the structure, but contrary to the results earlier reported by 
Schoklitsch (1935); the axial ratio c/a also increases. 
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INTERNATIONAL MINERALOGICAL ASSOCIATION 


This association was started with a motion by Professor Buerger at the Minneapolis _ 
meeting of the Mineralogical Society of America, November 1, 1956 (Am. Mineral., 42, 
1957, 270). A pre-organization meeting was held at Montreal July 16, 1957, in connection 
with the sessions of the International Union of Crystallography (Am. Mineral., 43, 1958, 
352). The inaugural meeting took place at Madrid in the week of April 6, 1958. Here 
officers were elected, a constitution was adopted, and commissions were set up. All this is 
described in detail in the Sept. 1958 GeoTimes, a copy of which may be obtained from the 
American Geological Institute or the writer. A similar description is given (in English) in 
a Beilage of the Schweizerische Mineralogische und Petrographische Mitteilungen, 38 (1), 
1958. Professor Grigoriev of Leningrad has written (in Russian, with five half-tones) about 
the Madrid meetings and the accompanying field trips (Akad. Nauk, U.S.S.R., Memoirs of 
the All-Union Mineralogical Society, 87 (4), 1958, 518-525. 

The chief object of the I.M.A. is to further international cooperation in the mineralogi- 
cal sciences. Its members are not individuals, but are the various national mineralogical 
societies or corresponding bodies. In addition to the work of the various commissions, an 
important function of the I.M.A. is to see that arrangements are made for programs, includ- 
ing field trips of interest to mineralogists at the International Meetings of the geologists, 
crystallographers and other scientific groups at which there will be a significant attendance 
of mineralogists and petrologists. 

A meeting of the Executive Committee of the I.M.A. is scheduled for Zurich, January 
19-21, 1959. This committee consists of the five officers and four councilors. In addition 
the members of the four commissions (abstracts, data, new minerals, and museums) will 
be in attendance. It is requested that anyone with suggestions for consideration at this 
meeting send them to President Parker at Zurich, Professor Amoros (Secretary) at Ma- 
drid, or the writer (Treasurer). 

The next meeting of the association is to be held at Zurich, August 29-September 6, 
1959. At this session, besides meetings of the Executive Committee and Delegates and the 
various Commissions, there will be two symposia and a field trip (Sept. 4-6). 


D. JEROME FISHER 
University of Chicago 


The Geochemical Society is undertaking the project of issuing an English translation of 
the Russian journal Geokhimiya, which appears eight times yearly. It is being aided by a 
grant from the National Science Foundation. The translation of the first issue of 1958 has 
already appeared. 

The success of this venture will depend in large part on the response, in the form of sub- 
scriptions, from individual scientists. The subscription price is $20 per year (8 issues) ; $10 
to educational institutions and to members of the Geochemical Society. Send subscriptions 


to E. Wm. Heinrich, Managing Editor, Mineralogical Laboratory, University of Michigan, 
Ann Arbor, Mich. 
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BIBLIOGRAPHY AND INDEX OF LITERATURE ON URANIUM AND THORIUM AND 
RADIOACTIVE OCCURRENCES IN THE UNITED States. Parts 1-5 


The Geological Society of America has published as its Special Paper No. 67 “Bibli- 
ography and Index of Literature on Uranium and Thorium and Radioactive Occurrences in 
the United States. Part 5: Connecticut, Delaware, Illinois, Indiana, Maine, Maryland, 
Massachusetts, Michigan, New Hampshire, New Jersey, New York, Ohio, Pennsylvania, 
Rhode Island, Vermont, and Wisconsin,” prepared by Margaret Cooper of the U. S. 
Geological Survey on behalf of the Division of Raw Materials of the U. S. Atomic Energy 
Commission, September 1958, 472 pages (paper cover), and priced at $6.75 a copy. 

This book contains a section on bibliography (26 pages), a gazetteer for the States 
(38 pages), a geographical index (243 pages), and a subject index (165 pages). Factually 
it is a key to the literature on deposits in which uranium, thorium, and radioactive minerals 
are found in the northeastern United States. For many of the States there is also much 
detailed information in the indexes on the geology and the general mineralogy of the peg- 
matites, coal beds, sandstones, shales, beach sands, and other formations in which the 
uranium and thorium have been repoted. 

Parts 1 to 4 of this bibliography were prepared by Margaret Cooper in the Division 
of Raw Materials of the U. S. Atomic Energy Commission and published in the Bulletin 
of the Society. These sections, which also include a bibliography, gazetteer, geographical 
index, and subject index, with detailed geological information for each area covered, are 
available as reprints for public sale, as follows: 


Part 1: Arizona, Nevada, and New Mexico. February 1953, 38 pp. 25 cents 
Part 2: California, Idaho, Montana, Oregon, Washington, and Wyoming. Oc- 

tober 1953. 70 pp. 25 cents 
Part 3: Colorado and Utah. June 1954, 124 pp. 50 cents 


Part 4: Arkansas, Iowa, Kansas, Louisiana, Minnesota, Missouri, Nebraska 
North Dakota, Oklahoma, South Dakota, and Texas. March 1955, 
70 pp. 50 cents 


All five parts of the bibliography may be purchased from the Geological Society of 
America at the prices indicated above. Remittance must accompany orders, which should 
be sent to: 

Geological Society of America 
419 West 117 Street 
New York 27, New York 


MINERALOGICAL ABSTRACTS 


The councils of the Mineralogical Society of America and the Mineralogical Society 
(Great Britain and Ireland) have agreed to jointly sponsor the publication of Mineralogical 
Abstracts as a separate publication, commencing with volume 14 for 1959. 

The new journal will have a two-column format with a page size of (10§" 7") and will 
contain at the outset about twice the number of abstracts in the present issues. The journal 
will be published quarterly. 

Mincralogical Abstracts will be grouped under the following headings: 


Age-determination 
Apparatus and techniques 
Bibliographies 

Clay minerals 

Crystal structure of minerals 
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Experimental mineralogy 
Geochemistry 

Gemstones 

History and biography 
Meteorites and tektites 
Mineral data 

New minerals 

Notices of books 

Ore deposits and economic mineralogy 
Petrology 

Physical properties of minerals 
Topographical mineralogy 
Various topics 

The price of the new journal to subscribers other than personal members of the two 
sponsoring societies will be $9. U. S. per calendar year issue of 4 numbers. There will be a 
special price of $6. for educational institutions.* 

It is proposed to make the journal available to personal members of the Mineralogical 
Society of America at $3. per calendar year. Those who are now members of the Mineralogi- 
cal Society of Great Britain and Ireland, who already receive the abstracts as part of their 
privileges of membership, will continue to receive Mineralogical Abstracts for an increase 
in the annual membership fee of 10s. 


* The price of the Mineralogical Magazine when separated from Mineralogical Abstracts 
will be reduced to £2 10s. Od. per calendar year issue of 4 numbers. 


ANNUAL MEETING 


The fourth annual meeting of the Mineralogical Association of Canada will be held in 
Toronto, Ontario, Canada, March 1-4, 1959. It is to be held in conjunction with the annual 
meetings of the Prospectors and Developers Association and the Geological Association of 
Canada. For further information write to: 

S. Kaiman, Secretary, 

Mineralogical Association of Canada, 
c/o Mines Branch, 

552 Booth Street, 

Ottawa, Canada. 
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GETTING ACQUAINTED WITH MINERALS, 2d ed., by Grorcr LetcuwortH 
ENGLISH AND Davin E. JENSEN. 363 pages. McGraw-Hill Book Company, Inc., New 
WiorkNe a Ye)b0.95) 


“Getting Acquainted with Minerals,” first published twenty-four years ago by George 
Letchworth English, and long out of print, has been superbly brought up to date in this 
second edition by David E. Jensen, of Ward’s Scientific Establishment, Rochester, New 
York. 

Part 1, about one-third of the book, is an excellent elementary introduction to min- 
eralogy, with clearly written sections on crystallography, chemistry, and physics. Part II, 
descriptions of minerals, arranged alphabetically, includes all the common minerals, and 
takes up another third; it is followed by a section on Dana’s Classification, and a listing of 
the elements as represented by their more important minerals. Part III includes a brief 
but adequate account of rocks, and a table for identification of minerals by Juster, hardness, 
color, and other characteristics. Finally, an index of some 1,200 entries makes the immense 
amount of information in this book immediately accessible. Three hundred and fifty-five 
excellent illustrations—photographs of minerals, drawings of crystals, and scenes of min- 
eralogical activity—embellish the text. 

It is stated in the preface that within the last twenty years mineral collecting has be- 
come the third among so-called hobbies in this country, with some three million amateur 
mineralogists. It is indeed gratifying that there is available for their guidance and instruc- 
tion a book that is both scientifically accurate and a pleasure to read. 

CHARLES MILTON 
U.S. Geological Survey 
Washington 25, D.C. 


NENDO-KOBUTSO (CLAY MINERALS) by Tosuio Supo. No. 178 of the Iwanami 
Series, 4th edition, 273 pages plus 4 fold-in tables, and 1 fold-in plate, 4362”, cloth 
bound. Publisher: Iwanami-Shoten, Tokyo, Japan. 1958 (in Japanese). Price 340 yen; 
about $1.00. 


This little volume is essentially another reprint of the first edition (1953) with an addi- 
tional chapter of 31 pages summarizing briefly the important recent developments in clay 
mineralogy. The new references are appended to the bibliography. 

The author plans a revision of the work that will provide a much more comprehensive 
summary of the current status of clay mineralogy and its problems. For an outline of 
subject matter of chapters 1 to 6 see the review of the first edition, Am. Mineral., 39, p. 


685, 1954. 
EArt INGERSON 


Unwersily of Texas 


CONSTITUTION OF BINARY ALLOYS, by Max Hansen. Prepared with the coop- 
eration of Kurt ANDERKO. 1305 pages plus 40 diagrams. McGraw-Hill Book Com- 


pany, New York, 1958. Price: $32.50. 


A first edition of this appeared as “Aufbau der Zweistofflegierungen” in the late thirties. 
The book would have been more aptly titled “Handbook and Constitution of Binary 
Alloys” since it served as a reference work for 20 years for metallurgists, solid state physi- 
cists, crystallographers and others interested in the constitution of binary alloys. Even 
without translation the original work was deemed valuable enough to be off-set printed in 
the early forties and distributed in the United States. 

The revised edition has added all the material of the last twenty years and critically 
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evaluated all earlier diagrams as well in view of later findings. This has resulted in almost 
a doubling of the size of the book so that the present edition includes 1382 systems and 
740 diagrams. Dr. Hansen spent several years at Armour Research Foundation following 
World War II and in the reviewer’s opinion added clarity to the book in the translation. 
The sponsorship by the United States Air Force through the Wright Air Development Cen- 
ter made possible the publication of the book in its present form. 

The thoroughness with which the German or English compile such a volume is well 
demonstrated in this book. About 9800 literature references are cited and the reviewer 
knows from personal experience that these references were not simply added to the bibli- 
ography but were critically examined before drawing the final diagram which appears in 
the book. As examples, the system Ag-Al has 35 references, the Fe-C has 135 and the last 
one in the book Zn-Zr has two references. 

All diagrams have been re-drawn so that temperature is plotted versus atomic per cent 
rather than weight per cent as in the first edition. Also, “The presentation of data con- 
cerning the constitution of binary alloys system would be incomplete if crystallographic 
data were not considered systematically. As compared with the older work, not only the 
symmetry of the intermediate phases is given but their lattice spacings as well. Further- 
more the literature dealing with the variation of lattice parameters of primary solid solu- 
tions has also been considered.” 

This book has far more exhaustive treatment of subject matter than its mineralogical] 
counterpart—Phrase Diagrams for Ceramists (The American Ceramic Society, 1956). It 
is a monumental work and destined to be on every technical reference book shelf for the 
next 25 years. 

Ear T. Haves 
Bureau of Mines 
Washington, D. C. 


MINERAUX D’URANIUM DU HAUT KATANGA. Introduction by J. F. Vars; 
mineral descriptions by C. GuILLEMIN; and photographs by A. Destas. 81 pp. Pub- 
lished by “Les Amis du Musée Royal du Congo Belge,” 13, Chausée de Louvain, 
Tervuren, Belgium. 1958. Price 240 francs. 


This paper bound book has 16 pages on the mode of formation and the associations of 
the secondary uranium minerals at Haut Katanga, followed by descriptions of these min- 
erals, including optical and x-ray data. However, the most remarkable feature is the in- 
clusion of 27 color plates (1015 cm.). These photographs are beautifully reproduced, and 
anyone interested in minerals will be delighted with this feature. 

Lewis S. RaMSDELL 
University of Michigan 


SELECTED ELECTRON MICROGRAPHS OF CLAYS AND OTHER FINE- 
GRAINED MINERALS, by Tuomas F. Bares. Circular No. 51, Mineral Industries 
Experiment Station, College of Mineral Industries, The Pennsylvania State Uni- 
versity. 61 pages, 8311 inches. Price $2.00. 


This circular contains 101 reproductions of electron micrographs, with brief descrip- 
tions and comments, as follows: Kaolin group, 1-31; serpentine group, 32-44; illite group, 
45-58; montmorillonite group, 59-77; vanadium minerals, 78- 88; others, 89-101. A list 
of references is included. 

These excellent reproductions should be of value to all who are working on clay min- 
erals, and any mineralogist will find them of interest. 

Lewis S. RAMSDELL 
University of Michigan 


NEW MINERAL NAMES 


Idaite 


GERHARD FRENZEL. Ein neues Mineral: Idait. Neues Jahrb. Mineral., Monatsh., 1958, 
No. 6, 142. 


A preliminary note. Chemical composition CusFeS, (in part with a small excess of Cu). 
Hexagonal, in very fine plates, Den (?), ao 3.90, co 16.95A, Z=1. Closely related crystal- 
_ lographically to covellite. H. 23, G. (w-ray) 4.21. Luster metallic, color similar to that of 
bornite, but not tarnished. Strongly birefringent. In reflected light resembles freshly pol- 
ished bornite. In air, R, reddish-orange to reddish-brown, R. yellowish bright gray. 

A lamellar decomposition product of bornite, commonly associated with fine spindles 
of chalcopyrite. Apparently the first product of weathering. Apparently widely dis- 
tributed; noted from the Ida Mine, Khan, S. W. Africa and 30 other localities. 

The name is for the Ida Mine. 

MICHAEL FLEISCHER 


Gelbertrandite, Spherobertrandite 


E. I. Semenov. New hydrous silicates of beryllium-gelbertrandite and spherobertran- 
dite. Inst. mineral., geokhim., and crystallokhim. redkikh elementov, Trudy, 1, 64-66 (1957) (in 
Russian). 


Gelbertrandite 


Occurs in irregular masses in fibrous beryllite. Color pale violet (fades to’ yellowish- 
white), luster vitreous, H. 4, G. 2.176 (by hydrostatic suspension). Optically isotropic, 2 
1.525 (range 1.511-1.530). Analysis by M. E. Kazakova gave SiO: 38.70, AlxO; 1.20, BeO 
34.16, CaO 1.93, (Na, K)20 0.33, H2O* 15.62, H:O~ 8.17, sum 100.11%, corresponding to 
Be,SixO7 (OH)2:3H2O (i.e. a hydrated bertrandite). Spectrographic analysis by N. V. 
Lizunov showed the presence of Mn, Pb, Zn, Mg, Cu, and Ba (weak lines). A dehydration 
curve by A. S. Skripkin showed continual loss of weight to 700°. 

X-ray powder data by N. N. Sludsko are given. Fifteen lines are given; the strongest 
are 4.31 (10), 3.15 (10), 2.53 (10), 2.31 and 2.20 (8), 1.467 (6). 

Occurs in pegmatites in nepheline syenites at Mt. Karnasurt and Mt. Mannepakhk, 
Lovozero massif, Kola Peninsula; formed by the epithermal alteration of epididymite. 

Discussion.—Each of the «-ray lines corresponds closely to a line of bertrandite, but 
with lower intensity, and many lines of bertrandite are missing. This therefore seems to be 
a poorly crystallized bertrandite, and the name is unnecessary. 


S pheroberlrandite 

The mineral occurs in spherulites in drusy cavities in epididymite in pegmatite at Mt. 
Mannepakhk, also at Kuftny and Sengischorr, Lovozero massif, and Yukspor, Khibina 
massif. The mineral is yellow to colorless, luster vitreous, H. 5, G about 2.5. Optically 
biaxial, neg., 2V about 70°, a 1.595, y 1.612, Y=c. The colored variety is weakly pleochroic 
with X yellow, Z colorless. Absorption X >Z. 

Analysis by M. E. Kazakova gave SiO» 41.03, AlO; 1.40, FeOs 0.07, BeO 45.20, H:O* 
11.70, H,O~ 0.30, sum 99.70%, corresponding to BesSixO;(OH)., whereas bertrandite is 
Be,SizO7 (OH)s. Spectrographic analysis showed Na, Ca, and Ba (weak lines). A dehydra- 
tion curve showed that all the water is lost between 600° and 800°. 

X-ray powder data (38 lines) are given. The strongest lines (and in parentheses the 
nearest line of bertrandite) are: 3.15-10 (3.14-10), 2.32-10 (2.28-9), 2.17-10 (2.20-9), 
4.89-9 (4.81-3), 1.250-9 (1.250-8), 3.80-8 (3.81-3), 2.73-8 (2.78-4), 1.352-8 (1.362-2), 
1,140-8 (1:150-2), 1.970-7 (1.973-8), 1.525-7 (1.495-1), 1.411-7 (——_). 
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Discussion. —The close correspondence of the optical properties (except the orienta- 
tion) and of the x-ray powder diagram (despite a few missing lines and differences in 
intensities) makes one wonder whether the analysis can be correct. Could beryllite have 
been present? The mineral cannot be accepted as a valid species without further study. 

M.F. 


Gerasimovskite (Niobobelyankinite), Mangano-belyankinite 


E. I. Semenov. Oxides and hydroxides of titanium and niobium in the Lovozero alkalic 
massif. Inst. mineral., geokhim., and crystallokhim. redkikh elementov, Trudy, 1, -41—59 
(1957) (in Russian). 

The mineral belyankinite was described in 1950 (see Am. Mineral., 37, 882 (1952) ). 
New data are now given for it, for its Mn-analogue (Mn-belyankinite), and for its Nb 
analogue (gerasimovskite). New analyses are given of gerasimovskite (1 and 2) and of 
Mn-balyankinite (3). 

The minerals are considered to be substituted Ti(OH), ranging to the end member 
Nb(OH), (gerasimovskite), and the formulas are calculated to be: 


Belyankinite— (Tic. 70Z¥0.06N bo.07F eo, 03C.13) (OH)s. 78 


Mn-belyankinite—(Tio.so0Nbo. og €. osMno, 1sCao.11) Oo. 55(OH)o, 70 
Gerasimovskite—(Tio.42N bes5a2Mng.14Cao.13)O0.76(OH)2. s3 


(Note—The atomic ratios of gerasimovskites no. 1 and no. 2 are Nb 0.33, Ti 0.305; Nb 
0.34, Ti 0.29. A different method of calculation gives: 


Belyankinite—Cai(Ti, Nb, Zr, Si)sQi3- 11H2O or Cao.9(Ti, Nb, Zr, Si)5.;Oi2° 10H2O 
Mn-belyankinite—(Mn, Ca): o(Ti, Nb) sOi2: 9H2O 


Analyses 

(1) (2) (3) 
Nb:O; 43.91 44.90 7.42 
Ta:O; 0.38 0.50 = 
TiO: 24.37 23.44 44.30 
SiO: 1.83 2.30 ils 
FeO; tite 0.21 ail 
AloO; — 0.65 — 
MnO 7.85 2.05 14.03 
MgO = 0.30 = 
CaO LSM 1.95 Sati 
Na.O = 0.10 = 
KO = 0.21 = 
COz == 0.20 == 
H:0* 3.95 3.78 22236 
H.O- 16.55 14.77» 
Total 100.218 95.96» 99.16 
Analyst T. A. Burova M. E. Kazakova T. A. Kapitonova 


8 Given as 100.11 in original. 


> Sum given as 99.91 in original, but the atomic ratio given for total H2O is exactly that 
obpited by taking H:O* as 18.77%. 
=Mn0O:. 
Gerasimovskite no. 1—(Mn, Ca)1.0(Nb, Ti, Si);Ow- 8H:0 
Gerasimovskite no. 2—(Mn, Ca)o.¢(Nb, Ti, Si);O12.: 9H20 M. F.) 
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The minerals are amorphous and give no x-ray lines except that gerasimovskite gives 
diffuse lines at 2.60, 1.85, and 1.64 A. When heated at 900°, all give sharp patterns that 
resemble that of rutile or the high-temperature modification of NbvO3. Belyankinite gave 
(d and I): 3.21 (8), 2.90 (3), 2.48 (6), 2.18 (3), 1.690 (10), 1.633 (2), WXol (Qs, LAS (2). 
Mn-belyankinite gave 3.21 (2), 2.89 (2), 2.48 (3), 2.17 (1), 1.880 (1), 1.692 (4). Gerasimovs- 
kite gave lines at 3.04, 2.49, 2.05, 1.736, 1.706, 1.666 A. 

D.T.A. curves are given. Belyankinite has a large endothermal break at 170°, a small 
exothermal break at about 410°, and a larger exothermic break at 740°. Gerasimovskite 
shows an endothermal break at about 150° and an exothermal one at about 730°. 

Gerasimovskite is brown to gray or light gray, luster pearly. Perfect cleavage in one 
direction. H. 2, G. 2.52-2.58. Optically biaxial, negative, 2V 18°, a about 1.74, B~y about 
1.81. Extinction parallel, elongation positive. Manganobelyankinite is brownish-black, 
luster resinous, color and pleochroism “more intense than those of belyankinite,”’ optically 
biaxial, neg., 2V 29°. 

Gerasimovskite occurs in platy masses up to 1.5X1X0.3 cm. in ussingite-bearing peg- 
matites of Punkarua Mt., Mt. Nepkha, and Mt. Allua, Lovozero, Kola Peninsula. It is 
believed to have formed by the hydrothermal alteration of minerals of the murmanite- 
lomonosovite series. Manganobelyankinite occurs in pegmatite at Mt. Kedykverpakh. 

The name is for V. I. Gerasimovskii, Russian mineralogist. 

M.F. 
D’Ansite 

H. AUTENRIETH AND G. BRAUNE. Ein neues Salzmineral, seine Eigenschaften, Sein Auf- 
treten und seine Existenzbedingungen im System der Salze ozeanischer Salzablagerungen. 
Naturwissenschaften, 45, No. 15, 362-363 (1958). 

Study of the system Na-Mg-SO;-Cl-H2O shows the existence of a new phase 
MegSO,: 3NaCl-9Na2SO;, which may be written as MgNaz(ClsSO,)(SO)9 for comparison 
with hanksite K Naz2(Cl(COs)z)(SOx)». At 46°, the lower limit of stability, it co-exists with 
thenardite and bloedite; at higher temperatures its field is between those of thenardite 
and vanthoffite. Crystals are tetrahedral with {211} dominant, and {211} and {110} 
noted, G. 2.655. Isotropic, 2 Na 1.489. Melts in the Bunsen burner flame. An x-ray diagram, 
with no measurements of lines is given. ay 15.90 A, Z=4. 

The compound would be expected to be formed in close association with vanthofhite. 
No such materia] was found by the authors, but they believe that it was probably the 
mineral described by Gérgey, Mineralog. petrog. Mitt., 28, 341 (1909), from Hall, Tyrol. 
Gérgey described the material as closely associated with vanthoffite, enclosed in bloedite, 
isotropic with n (Na) 1.503, G. 2.590, contains Mg, Na, Cl, SO:, melts easily without giving 
water. 

The name is for Professor Jean D’Ans, Kali-forschungsanstalt, Berlin, who has pub- 


lished many papers on equilibrium in salt systems. 
M.F. 


Bonchevite 


Ivan Kosroy. Bonchevite, PbBi;S;, a new mineral. Mineralog. Mag., 31, 821-828 
(1958). 


Analysis by N. Yordanov gave Bi 66.62, Pb 15.50, Cu 0.85, S 16.71, sum 99.68%, cor- 
responding closely to PbBisS;. Spectrographic tests detected also Ag, Zn, Cd, Sb, and Te. 
The mineral occurs in acicular or long prismatic, apparently orthorhombic crystals up 
to 2 cm. The forms m{110} (dominant), e{011}, a{100}, and b{010} were observed. Gonio- 
metric measurements on 4 crystals gave a:b:c=0.9004: 1:0.3249, intermediate between the 
ratios for bismuthinite and galenobismutite. The {110} faces are commonly striated along 
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the c-axis. Cleavage | 100} perfect, fracture uneven to subconchoidal, very brittle. Luster 
metallic, color lead- to steel-gray. In polished section homogeneous with rare minute inclu- 
sions, perhaps native bismuth. Weakly pleochroic, distinctly to strongly anisotropic. H. 
24, G. (av. of 5) 6.92. 

X-ray powder data are given for bonchevite, 2 samples of bismuthinite, and galeno- 
bismutite. The strongest lines of bonchevite are 3.50 (10), 3.08 (8), 1.939 (8), 2.78 (6), 
1.733 (6), 2.50 (5). The bismuthinites gave 3.44, 3.46 (10), 3.03, 3.06 (5), 1.910, 1.915 (8), 
2.76, 2.76 (3), 1.722 (4) and 1.726 (2), and 2.48, 2.47 (7). The galenobismutite gave 3.48 
(10), 3.05 (3), 1.929 (5), 2.77 (4), 1.726 (3), and 2.49 (8). 

The mineral occurs in quartz veins cutting gneisses and amphibolites close to the so- 
called Yugovo granite, Central Rhodopian Mts. Associated minerals are scheelite, pyrite, 
and sparse sphalerite and molybdenite. The gangue is milky quartz, locally enriched in 
calcite. 

The name is for Georghi Bonchev, former professor and founder of the Institute of 
Mineralogy and Petrography, University of Sofia. 

Discussion.—The differences in the x-ray patterns given for bonchevite, bismuthinite, 
and galenobismutite are not convincing, and the validity of the mineral must be sub- 
stantiated by single crystal x-ray study. ; 

M.F. 
Ordite 

Yu. M. Ampramovicu. Pseudomorphism in sedimentary mineral formation. Voprosy 
Mineral. Osadoch. Obrazovanti Lvov Univ. 1956, No. 3-4, 80-86; Chem. Abstracts 52, 13549 
(1958). 

The name ordite, for the locality Orda village, Molotov Oblast, is given to pseudo- 
morphs of crystaJline gypsum after fibrous gypsum. 

Discussion.—There is no excuse for naming such material. 

M. F. 
Hydroparagonite 


J. Ervetyi, V. KoBLEencz, AND V. Tornay. Uber hydroparagonit, ein neues Glimmer- 
mineral, sowie tiber Beziehungen zum Hydromuskovit, Natronillit, und Brammallit. 
Acta Geol. Sci. Hung. 5, 169-186 (1958). 


In this paper new analyses are given of hydromuscovite from Nagyborzsény. The analy- 
sis, x-ray, and optical data are essentially identical with those of illites, but the authors 
consider hydromuscovite to be a distinct mineral on the basis of (1) grain size (b) the DTA 
curve shows the main endothermic break at a temperature 100° higher than illite does. For 
the same reasons, plus the fact that the x-ray pattern does not change when the mineral 
is heated, the authors consider that brammallite, described by Bannister (Am. Mineral. 
29, 73 (1944) as a sodium-illite, is actually a hydroparagonite, and suggest this name. 

Discussion.—The name hydroparagonite (=brammallite) was used by Strunz (Mi- 
neralogische Tabellen, 3rd Ed., 1957), but there is no valid reason for discarding brammal- 
lite, which has priority. Grain size is not a valid criterion for giving a new name to the 
same mineral. 

M. F. 
Késterite (Kosterite) 


Z. V. ORLova. Trudy Vses. Magadansk Nauchno-Issled. Inst. Magadan, 2, 76 (1956), 


from an abstract by E. M. Bonshtedt-Kupletskaya in Zapiski Vses. Mineral. Obshch., 
87, 76 (1958). 


The name késterite (pronunciation nearly that of German form késterite) is given, 
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with no description, to a mineral, analysis of which gave Cu 30.56, Ag 0.005, Zn 11.16, 
Mn 0.09, Fe 1.68, Ni tr., Sn. 25.25, Sb 0.90, S 28.40, Se 0.01, sum 98.05%, corresponding 
to (Cu, Sn, Zn) S with ratio Cu:Sn:Zn about 54:24:19:3. Occurs in quartz-sulfide veinlets 
in the Késter deposit in the Yano-Adychansk region. (The name is for the locality.) 

Discuss1on.—A name should not be given without proof of homogeneity. This name 
also is easily confused with custerite. 

M. F. 
Giulekhite 


Cu. M. Kwatira-Zape, Doklady Akad. Nauk Azerbaidjan S.S.R., 13, 647-653 (1957), 
from an abstract by E. M. Bonshtedt-Kupletskaya in Zapiski Vses. Mineral Obshch, 87, 
83 (1958). 


The mineral is a hydromica occurring in the fraction <0.001 mm. in argillites of south- 
eastern Caucasus. Analysis of the entire dispersed fraction gave SiO» 31.14, AlxO; 14.50, 
FeO; 29.88, FeO 3.52, MgO 4.00, K20 3.71, Na2xO 0.15, H.2O0*+ 8.07, H2O~ 3.31, sum 
98.28%. The D.T.A. curve shows endothermic breaks at 130°, 390°, and 560°. Gives no 
reaction with benzidine, turns blue with methylene blue, gives a yellow color with brownish 
tint with chrysoidine. Elongation positive, 7’, 1.543, 2’, 1.552. The strongest x-ray lines 
are 1.699 (9, broad), 4.32, 3.59, 2.50 (8), 4.93, 1.52 (7). 

The name is for the locality near the village of Giulekh (suggested transliterations in 
the abstract are Gewlekhite for English, Giilechite for German). 

Discusston.—The abstractor states, ‘“The mineral is insufficiently characterized and 
the name was given prematurely.” I agree. 

M. F. 
Bismutomicrolite 


N. E. ZatasHKova AND M. V. Kuxkuarcuik, Bismutomicrolite—a new variety of 
microlite. Akad. Nawk S.S.S.R., Inst. mineral, geokhim., and Kristallokhim. redkikh ele- 
mentov, Trudy, 1, 77-79 (1957). 

Analysis by M. V. K. gave Ta20; 79.72, Nb2O; 0.08, TiO: 0.05, AlO; 0.45, FesOs, 0.32, 
MnO 0.08, CaO 8.60, Kz 0.08, Na2O 5.27, rare earth oxides 0.18, BixO3 3.25, H2O 0.60, 
F 2.00, sum 100.68% (given as 100.70)—(O=F») 0.84=99.84 (given as 99.92). Isotropic 
with 2.044, G. 6.426, a 10.51A. The formula is (Na, Ca, Bi)eTa20¢(O, OH, F). 

Discussion.—Unnecessary name for bismuthian microlite. 


M. F. 
Stibiotellurobismuthite 
TI. G. Macax’YANn. Zapiski Vses. Mineral Obshch. 86, 343-346 (1957). 
The name is given to a tellurobismuthite containing Sb 2.7%. 
Discussion.—Unnecessary name for antimonian tellurobismuthite. 
M. F 


NEW DATA 
Stainierite 


Jean OrcEL, STEPHANE HENIN, AND SIMONNE CAILLERE. Sur la presence de stainierite 
4 Bou Azzer et les propri¢tés de cet hydroxyde. Compl. rend., 246, No. 5, 792-795 (1958). 

Stainierite (heterogenite) has been considered to be Co203;° H2O0 or CoO(OH), analogous 
to goethite. (See Dana’s System, 7th Ed., Vol. I, p. 650-653). Material from a new locality, 
Bou Azzer, Morocco, gave CoO 70.00, SiOz 1.35, AlO» 1.0, FeO; 3.30, CreO, 0.20, MnO 
0.35, TiO. 0.05, CuO 0.10, MgO 1.40, CaO 0.85, Hx0~ 4.00, H20* 17.00, sum 99.60%. A 
dehydration curve showed a loss in weight, corrected for impurities, of about 13.5% at 
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250-275° and another loss in weight of about 3.5% at about 900°. The DTA curves (not 
given) of the Bou Azzer and Katanga material showed endothermal breaks at 260-300° and 
a very intense one at 900-960°. 

X-ray study of the two samples gave very similar patterns (no data given) which are 
similar to those of brucite and pyrochroite. The x-ray pattern of a sample heated at 550° 
is of the spinel type (Co;0,?), that obtained at 1000° and cooled in air was similar, but that 
of material heated at 1000° and cooled in a closed container resembles the pattern of 
periclase. It is concluded that stainierite is Co(OH)s. 

M.F. 


Coeruleolactite (=Ca analogue of Turquois) 
Planerite (=cuprian Coeruleolactite and calcian Turquois) 
Alumochalcosiderite (=aluminian Chalcosiderite) 
Emit Frscuer. Uber die Beziehungen zwischen Coeruleolactit, Planerit, Turkis, 
Alumochalkosiderit, und Chalkosiderit. Beitr. Mineral. u. Petrog., 6, 182-189 (1958). 


New microchemical analyses and «-ray powder data are given for 2 samples of turquois 
and one of “alumochalcosiderite.’’? These show that there is a continuous series from tur- 
quois to chalcosiderite with a corresponding change in d-spacings. Microchemical analyses 
are also given of coeruleolactite from the Rindsberg mine, Nassau, Germany (type locality) 
(no. 1) and for 2 samples of planerite labelled Tschornaya River near Syssert, Urals, (no. 2) 
and Mt. Tschernovskaya near Syssert (no. 3); these probably represent type material. The 
analyses gave: 


CaO CuO FeO MgO Al,O3 FeO; P20; H.O Sum 


ug 5.09 0.24 = 0.40 40.3 = 30.1 23.4 99.5 
Dh 2.88 3.48 0.8 = Off oll — S68) 20.4 100.2 
oF eds 6.31 tr. 0.09 SH off == 35.0 19.4 99.7 


X-ray powder data are given for these samples; they agree closely with those for tur- 
quois, but some differences in spacing and intensities are noted. The minerals are considered 
to be members of the same group with the general formula (Cu, Ca, Fe’, Mg)(Al, Fe’’”)«((P, 
As)Ox4)4:4-5H20. The analyses of planerite show a deficiency in the RO group, that of 
coeruleolactite an excess of AlsO;, ascribed to the presence of an unidentified aluminum 
hydroxide. No optical data are given and much of the pertinent literature is not mentioned. 


Discuss1on.—The data indicate that coeruleolactite is a member of the turquois 
group, but the isomorphous relationships and possible substitutions have not yet been 
worked out satisfactorily. The names planerite and alumochalcosiderite are superfluous 
and should be dropped. 


M.F. 


DISCREDITED MINERALS 
Ptilolite, Flokite, Arduinite (all =Mordenite) 


R. J. Davis. Mordenite, ptilolite, flokite, and arduinite. Mineralog. Mag., 31, 887-888 
(1958). 

These minerals had previously been considered by various investigators to be identical, 
but mordenite and ptilolite from the type localities had not been re-examined. X-ray 
powder diagrams of the four minerals, each from the type locality, show them to be 
identical. ; 


M.F. 
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Comuccite (= Jamesonite) 


Carto GarRAVELLI. Identita fra “comuccite”’ e jamesonite. Periodico Mineralogia, 
27, 207-210 (1958). 


Comuccite was described as a lead antimony sulfide from San Giorgio, Sardinia, by 
Comucci in 1916 and was named by Doelter in 1926. Short (1931) and Rodolico (1940) 
believed it to be jamesonite froni optical data. X-ray powder data on type material proves 
the identity. 

M. F. 
Alumian (= Natroalunite) 


A. A. Moss. Alumian and natroalunite. Mineralog. Mag., 31, 884-885 (1958). 


Alumian, described by Breithaupt in 1858 as Alo(SO,)20, has been guessed to be alunite 
or natroalunite (Dana’s System, 7th Ed., Vol. II, p. 560). A complete analysis and «-ray 
study of type material from the Sierra Almagrera, Spain, show it to be nearly the natro- 
alunite end member (NasO 7.6, K2O 0.1%), with w 1.574, e€ 1.590, G. 2.78. 

M.-F. 
Arsenolamprite (= Arsenic +Arsenolite) 


KaArEL PApDERA AND Emit Fiscuer. Does the modification of arsenic, arsenolamprite, 
exist as a mineral? Mineralog. Sbornik Lvov Geol. Obshch. No. 10, 160-167 (1956) (in Rus- 
sian). 

X-ray powder data on arsenolamprite from Copiapo, Chile, show it to be a mixture 
of rhombohedral arsenic with arsenolite. The type material from Marienberg, Saxony, 
had previously been reported to have the same x-ray pattern as the Copiapo material (see 
Dana’s System, 7th Ed., Vol. I, p. 130). 

M.F. 
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